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Preface

This volume is a collection of papers that were presented at the fourth Picosecond Electronics and
Optoelectronics Topical Meeting of the Optical Society of America. The purpose of this topical
meeting, since its inception in 1985, has been to foster greater interaction between those segments
of the electronics and optics communities that have been pushing the frontiers toward ever higher
speeds. The following pages reveal some of the successful results of these efforts. This preface is
meant to serve as an introduction and summary of the meeting and as a guide to these proceedings.

Chapter I summarizes the state of the art in the relatively new field studying the generation and
propagation of electromagnetic pulses with terahertz bandwidths. These pulses have significant
implications for far-infrared spectroscopy and fundamental materials studies.

Chapter H contains recent advances in techniques used for ultrafast optoelectronics. This includes
the measurement of picosecond pulse propagation in one and two dimensions.

Chapter III describes the sensing of rapidly varying electric fields by picosecond optical pulses.
These techniques exploit the dependence of the index of refraction, and hence the optical path length,
on electric field. For GaAs, the electric fields in the substrate can be probed directly, but some
techniques move nonlinear material in to sample the fields.

Chapter IV covers improvements in the ultrafast detectors needed for high-speed optical
communication. The emphasis is on speed as well as quantum efficiency.

Chapter V contains several papers on high-speed electronic devices. The fastest transistors are
presented, both those based on silicon as well as In-V devices, and some unique applications of
fast, two-terminal devices are also discussed.

Chapter VI concentrates on the measurement of performance of millimeter-wave circuits using
optical sampling techniques. These techniques achieve in the time domain what is traditionally
accomplished at lower frequencies in the frequency domain.

Chapter VII reports advances in the technology of ultrafast lasers. Short, well-controlled pulses
are needed for optical communications, and one paper describes a mode-locked laser with up to a
350-GHz repetition rate.

In Chapter VII papers on tunneling and resonant tunneling are presented. Charge storage in the
well of a resonant-tunneling diode has been measured, and tunneling between two wells coupled
by a tunneling barrier is examined in several papers.

Chapter IX collects all the papers with a strong emphasis on materials development. Devices
that use strained layers, gallium arsenide grown by molecular beam epitaxy at low temperatures,
and nonlinear materials are examined.

Finally, Chapter X contains digest summaries from those authors who did not wish to write an
extended paper for this proceedings volume.

xiii
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Large-Aperture Photoconducting Antennas

D. H. Auston and X. -C. Thang

Electrical Engineering Department and Centerfor Telecommunications Research,
Colunbia University, New York, New York 10027

Abstract

We describe a novel optoelectronic technique to
generate and detect THz electromagnetic waves
by using large-aperture planar photoconducting
antennas and antenna arrays. This approach is
an effective method of producing directional and
steerable sub-millimeter wave pulses.

1.Inltroduction which can be steered by varying the angle of
Various approaches have been used for incidence of the optical beam [1]. The
generating and detecting ultrafast submillimeter-wave radiates in both the forward
electromagnetic pulses [1]. These include and backward directions (01 and 02). If the angle
elementary Hertzian dipoles, resonant dipoles, of incidence of the optical pulse is 0op, the angles
tapered antennas, transmission lines [2-5]. of the radiated electromagnetic pulses satisfy the
Large-aperture photoconducting antennas generalized Fresnels law equations:
developed recently provide an alternative source
to generate and detect directional submillimeter n1 (oop) sin o n 1 ) sin 01
electromagnetic pulses with a terahertz =n2(0wel)sin92
bandwidth [6,7].

The physical mechanism for the generation of where nl(woop), nl(Oel), are the indices of

subpicosecond electromagnetic pulses from large refraction of the optical and electromagnetic
aperture photoconducting antennas is the pulses outside the photoconductor, and n2((Del) is
radiation from a fast time varying photocurrent. the index of refraction of the electrical pulse in
By large aperture, we mean one whose transverse the photoconductor. If nl(owop) = nl(Oel)=l, as is
dimensions are large relative to the spatial true for the case where air is medium 1, the angle
duration of the submillimeter-wave pulse. The of the backward radiated electromagnetic pulse
technique is based on the following concept. is equal to the angle of the incident optical pulse.
When illuminated by ultrashort optical pulses, Since the aperture size of the photoconductor is
as shown in Figure 1, a large aperture planar larger than the spatial pulse duration of the
photoconductor produces a transient current. The electromagnetic radiation, the electromagnetic
current pulse sweeps across the photoconductor wave is directional and diffraction-limited.
and radiates a directional electromagnetic pulse We can estimate the behavior of the electric

2
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Incident Backward later requirement was necessary to hold off the
Optical Pulse Electromagnetic high electric field used to bias them. Electrode

spacings varying from 2 to 10 mm and voltages

~~OO 0,! 4h Purlseotia 

ple i
ranging from 100 to 3000 Volts were used.

The source of optical pulses in our

ca 
experiments 

was a balanced colliding pulse,

mode-locked rhodamine 6G dye laser, The pulse
Vb Jduration was 75 fs and the wavelength was 625

nm. Approximately 10 mW of average optical
"= power was used for the pump beam and 5 mW for

the probe beam. The pump beam was used to
illuminate the large area transmitting antenna

°4eForward with a defocused Gaussian beam which had a 1/e
Electromagnetic beam diameter comparable to the electrode
Pulse spacing of the photoconductor.

Figure 1 The radiated field was detected with a

field by the following arguments. Near the photoconducting dipole antenna. It consisted of a

transmitter, we expect the field to be 100 gm dipole having a radiation-damaged

approximated by a plane wave whose amplitude silicon-on-sapphire photoconductor at its feed

can be derived by simple boundary value point. A 3.2 mm sapphire ball lens was placed

conditions at the surface of the photoconductor. over the dipole to improve its collection

This gives us the following approximate efficiency. The small size and high speed of the

expression for the electric field close to the detecting antenna permitted its use as a movable

transmitter (TM polarization of the radiated probe to measure both the temporal and spatial

pulse): distribution of the radiation field of the large

1 - aperture photoconductors. Due to its small size,
E-E Geilo (1.2) the dipole antenna could also be scanned in space

-o p a sT o -c S o 0 -+os0 (1. 2) to m easure the spatial distribution of the field.-0  The field strength as a function of time was

where Eb is the bias field, 1 o is the characteristic obtained by recording the gated output current
impedance of free space, e is the dielectric from the dipole detector while varying the
constant of the photoconductor, and us is the relative time delay between the pump pulses
surface photoconductivity, given by the which illuminated the large aperture antenna
expression: and the probe pulse which gated the detector. The

es(t - R)cos 0op t)/ current signal from the detector was amplified
as = dtop( t ') e -  -  r(1.3) and digitized by a lock-in amplifier and a

_M computer.
where g. is the carrier mobility of the The amplitude of the radiated electromagnetic
photoconductor, R is the optical reflectivity, Aw o is waves at far field is proportional to the first time
the photon energy, lop is the incident optical derivative of the photocurrent in the
intensity and rr is photocarrier decay time. From photoconductor. If the fall-time of the
expressions (1.2), we see that at low optical photocurrent is much longer than the rise-time,
excitations, the electric field is proportional to the the rise-time is found to be more important than
incident optical intensity. Note, however, that its the fall-time in determining the relative
sign is opposite to the applied bias field. sensitivity of photoconducting materials[7].

Indium phosphide is found to be more sensitive
2. Generation and Detection than the other semiconductors used.
A number of semiconductor materials, Figure. 2 shows the detected electric field
including InP, GaAs, CdTe, polysilicon and waveform from an InP planar photoconductor
radiation-damaged silicon-on-sapphire were having an electrode spacing of 10 mm. This
evaluated, for use as large aperture waveform was measured in the far field using a
photoconductors to generate submillimeter-wavs. 5 cm focal length fused silica lens to focus the
They were chosen because all have stroaig electromagnetic pulse onto the dipole detector
absorption at the wavelength of our femtosecond which was aligned in the specular direction of the
laser (625 nm) and high dark resistivities. The emitted radiation. The radiated electric field
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was found to be linearly proportional to the bias signal from a 10 mm InP antenna. The data was
voltage and optical power. The observed taken at a distance of 16 cm between the
waveform was strongly influenced by the transmitter and the detector. In this case, no lens
response of the dipole detector and does not was used. The radiated field had a beam-width
correspond to the true electric field waveform, that measured only 6° at the 3 db points. The
The waveforms generated by the other maximum signal was observed at an angle
photoconducting materials were similar, corresponding to the specular reflection of the
suggesting that in each case, the true waveform is optical beam, which was at 300 relative to the
substantially shorter, and that we are measuring normal. The pulse width was observed to broaden
the impulse response of the detector in each case. off axis, and became more flat-topped as the
What was surprising is that the relatively "slow" angle increased, consistent with a theoretical
material, Indium phosphide produced a signal model of the radiation field.
that was comparable in speed to the radiation-
damaged silicon-on-sapphire sample, and was
almost 10 times larger. The relative sensitivities
(normalized to silicon-on-sapphire) of the other 33 15
materials ranged from 0.2 (polysilicon) to 7.5 0
(semi-insulating GaAs:Cr). 0

.<10- 0
The electric field radiated by the each antenna 0

was probed in the transverse direction to measure .> •

its directionality. This was achieved by _ 5e
scanning the dipole detector in the far field of the 14
large aperture photoconductor and recording the
time domain waveform for each angle. An 0 1

example of the angular variation of the radiated 0 10 2 30 40 50 60
signal is plotted in Figure 3. This shows the Angle (Degrees)
variation of the peak amplitude of the radiated Figure 3.

3. Power Scaling

8- The large aperture photoconducting antennas
(a) show power scaling and saturation properties [8].

6..InP At high optical fluences, the radiated electric
4 field (near field) saturates at a value comparable
2 to the bias field.

At normal incidence, the radiation field (near
0 -.2field) from equation (1.2) can be rewritten as:

-2.. E=-Eb a~s lO J (3.1)
-4 as 10 + (1+

With the increase of the optical power, the number0 2 4 6 8 10 12 of the photocarriers increases, causing an
Time Delay(ps) increase of the surface conductivity as (equation

1.3). When the surface photoconductivity as
N becomes comparable to the radiation admittance

50 of the antenna, the radiated near field E is
S400- expected to saturate at a value comparable to the

applied bias field Eb. Therefore we have the
300 equation
200 lim E=-Eb (3.2)

100Gs 
(3m

Figure 4 shows the Experimental setup for the
0 study of the saturation behavior in the GaAs

0.0 0.5 1.0 1.5 2.0 emitter. The source of the optical pulses is a
Frequency(THz) balanced colliding pulse, mode-locked ring dye

laser amplified by a copper vapor laser pumped
Figure 2. amplifier. It provides a pulse energy of a few



Picosecond E/ectronics and Opoeectronics 5

microjoule at a repetition rate of 8 kHz and a 70 fs peak powers up 1 GW and local electric fields
pulse duration at a center wavelength of 625 nm. greater than 10 MV/cm. Figure 6 schematically
The GaAs emitter has a photoconducting gap of 1 illustrates the experimental set up for the
mm. A 0.5 mm gap radiation-damaged silicon- generation of very high electromagnetic fields.
on-sapphire detector placed 10 mm from the Two off-axis parabolic mirrors are used to collect
emitter with a maximum optical excitation the radiation and to focus the radiation to the
fluence 400 pJ/cm 2 . detector. If the emitter area is 100 cm 2 with a

When the surface photoconductivity becomes pulsed bias field of 100 KV/cm, the radiated power
greater than the reciprocal of the radiation from the emitter is over 1 GW. Assuming the
resistance which requires approximately 1 radiation is focused to 1 mm 2, the local electric
mJ/cm 2 optical energy density, we expect the field can be as high as 10 MV/cm. Such field
peak electric field amplitude of the strength can be used for the study of nonlinear
submillimeter pulse in the near field to saturate properties of the dielectric materials at
at a value comparable to the bias field. submillimeter wave region.

Figure 5 shows the experimental data of the parabolic mirrors
radiated electric field from the GaAs emitter as a
function of pump optical fluence at 2000 V/cm
bias field. When the divergence and Fresnel
losses are considered, the radiated field is
estimated to be 1750 V/cm, close to the bias field of
2000 V/cm. We have also observed similar
saturation properties from InP and CdTe t Itedetector
photoconductors.

Because the depolarization field due to the
charge distribution builds up at a later time scale, ias -signal
the model used here does not include the
contribution of the space charge effect. For a
detail analysis of the radiation, the space charge
contribution should be considered. pump beam probe beam

With appropriate power scaling, it should be Figure 6.
possible to generate electromagnetic pulses with 4. Antenna Arrays

Vcan be easily extended to an antennas array
[9,101. The direction of the emitted radiation from
the array can be electrically controlled by
varying the static bias applied to the individual
antenna elements.

pump pulse probe pulse The array of photoconducting antennas is

emitter detector created by a pattern of parallel electrodes, each
independently biased, on a semi-insulating

Figure 4. GaAs substrate as illustrated in Figure 7. By
1600 - setting the bias voltage on the electrodes

1 appropriately, the amplitude of the photocurrent
.20 between every two adjacent electrodes can be

. * controlled. When an optical pump pulse
. 0 illuminates the structure, each current element

Ga s acts roughly like a short dipole antenna. The far-
4 field pattern of the array can be calculated

SEb = 2000 V/cm according to conventional antenna theory and is

0 0 1 2 given by the approximate expression:
0 1 2 3 4 E(9): = Acos ] n=NVn - Vn-)

-4 2 2 11) (41
Optical Fluence (10 J/cm ) 4xroc2 r L a n=1 d (4.1)

Figure 5. . In (Q)e-inKd sine
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where A is the optically illuminated area of the ±n/2. The concept is illustrated in Figure 8.
array, 0 is the angle defined from the array Ideally, the temporal modulation on the optical
normal as in Figure 8, r is the radial distance, N illumination should be sinusoidal at the
is the number of electrodes under the frequency of the emitted radiation. To
illumination, Vn is the bias voltage on the nth approximate this condition, we have used a train
electrode, d is the spacing between the of ultrashort optical pulses spaced by 2 ps to
photoconductor elements, ln(I ) is the optical produce a burst at 500 GHz. A dual-jet, hybrid
intensity at the nth electrode, modulated at the mode-locked dye laser, synchronously pumped at
microwave frequency fl, and K is the microwave 78 MHz by a frequency-doubled YLF laser
free space propagation constant. If the strengths (Coherent Antares-Satori system), generated
of the static bias voltage on each antenna element optical pulses at 640 nm with a duration of
are made to vary periodically with respect to one approximately 150 femtoseconds. The unfocussed
another, the array will act like an amplitude beam, having a Gaussian profile 3 mm wide and
grating, steering the beam in a direction which an average power of 130 mW, was used to
can be controlled by varying the bias period, illuminate the antenna array. A train of four
Specifically, if the static bias voltages vary optical pulses of equal intensity, each spaced 2
sinusoidally in space, with period Abias, as: psec apart, was generated by passing a single

optical pulse through two calcite crystals having
Vn cos(nd + (4.2) birefringent delays of two and four picoseconds.

optical
gating

optical pulse train pulse

illuminated detector
aeaE(e) E (0)

bias pad

9

Figure 7. Figurei
where E0 is the maximum static field between

adjacent electrodes, K = (2 x~/Abias), 0 is the phase ________________

w'hch can be set to zero and the optical intensity is -1.5 -1.0 -0.5 0.0 0.5 1.0 1.6
uniform, then the radiated signal in the far-field Position of electrodes (mm)
can be approximated by the expression: Figure 8

. eE f)sin Nd(K ± Ksin ) The antenna array used in our experiments

1AeEo) 2 (figure 7) consisted of 32 parallel electrodes, each

4/oc2rlw d(i+KsinO) (4 2 mm long and 25 microns wide, spaced 100
sin 2 microns apart center to center. The electrodes,

on a semi-insulating GaAs substrate, were made
where K is the microwave free space propagation of gold germanium with a top layer of pure gold to
constant, which can be written as K=(2xrM) where facilitate wire bonding, giving a total thickness
X is the center wavelength of the radiation. Four of about 2000 angstroms. The electrodes in the
main lobes are expected, one pair inside and one array were biased sinusoidally with respect to
pair outside the semiconductor. In free space, the one another, as shown in figure 8, using slide
maxima are at angles where sin0=±x/K. Clearly, potentiometers so that the bias period could be
by varying the periodicity of the voltage bias, the easily varied. The voltages were scaled so that
emission angle of these lobes can be steered the maximum E field between elements was kept
continuously over a range from zero to nearly constant at 1.25 kV/cm for all bias periods,
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ensuring that the amplitude of the emitted period in figure 10. The signal peaks for a bias
radiation was constant. Due to the relatively low period close to the expected value. A theoretical
transient mobility of this material, we expect the curve of the variation in the signal is also plotted
photocurrent to be proportional to the product of the in figure 10. It is based on the simple model of
applied field and the absorbed optical flux. equation (4.1), assuming that the optical

intensity profile is Gaussian. The width of the
scanning beam at the 3 db points was

1.0- approximately 100. This width is determined by
the overall length of the array (3.2 mm) and

0.5 could be much narrower if a larger array were

0.0 used.
-9 The array structure has also been used for
2 -0.5 frequency tuning the submillimeter-waves. A

single optical pulse with a 150 fs pulse duration
-1.0 illuminated the array at a normal incident

0 4 8 12 16 2D angle. The center electrode (No. 16) of the array
was always biased at the highest voltage. The

Time Delay (ps) dipole detector was placed 30 mm away from the

Figure 9. emitting array at a detection angle of 0.

The detected waveform at an angle of 45
degrees off normal and 3 cm from the array is A ,=3 mm
shown in Figure 9. The periodicity of the voltage
bias in this case was adjusted to be 0.9 mm to
produce a maximum signal in the direction of the
detector (equation 4.3). The 500 GHz burst is
clearly resolved. Because the radiation from
different antenna elements experiences 2 m
different delay times, the emitted pulse train is
broadened in time with respect to the optical pulse
train.

200-m

"a 100-

a.~ 50 ° ••[I I I I

0 0 5 10 15 20
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Bias Period (mm) Time Delay (ps)

Figure 10. Figure 11.

To test the steerable property of the array, the From equation (4.3), the maxima radiation is
detector was kept fixed at 450 and the periodicity at the condition of K=±KsinO. This condition can
of the voltage bias was varied to sweep the angle be rewritten as -=±AbiasSinO. It is clear that for a
of the emitted beam across the detector. The bias fixed angle 0, the center wavelength X is
voltage amplitude was changed with period to proportional to Abias. Therefore by varying the
maintain a constant maximum electric field, as bias period Abias,, the radiation wavelength X (or
in equation 4.2. The time traces obtained for each radiation frequency f ) can be electrically tuned
bias period were fourier transformed so that the at a defined direction.
signal amplitude at 500 GHz could be measured. To illustrate the tuning properties of the
The 500 GHz signal is plotted as a function of bias photoconducting antenna array, we plot the
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temporal waveforms of the radiated fields versus With an ultrafast optical pulse excitation
the bias period Abias, as.shown in Figure 11. The (assuming the pulse width of the radiated field
number of the pulses in a wave packet is from a single antenna is much less than the
proportional to the number of the bias cycles array retardation time "a), the temporally spread
across the array. For a better vision, the curves radiation waveform reflects the spatial
have been offset. The bias period Abias was varied distribution of the bias across the array, because
from 0.4 mm to 3 mm while the No. 16 electrode the radiation from different antenna elements
was kept at the highest voltage. Since the center experiences different delay times. For example,
wavelength X of the radiation is proportional to the voltage of the center electrode (No. 16) was
the bias period, increasing the bias period Abias, kept at the highest value when the periodicity of
causes the radiation wavelength to increase and the bias was changed. This made the waveforms
the pulse width to broaden. in Figure. 11 have a symmetry about their

centers (approximately at 10 ps position). Also
tZ 1.2 1 when the bias phase in equation (4.2) varied,

E- pulses within the wave package shifted in time.
0.8- The amount of the shift was (*sing)/(cx). The

f direction of the shift depended on the sign of the
Abias sin0 phase 0, and the shift was confined within the

0.4- duration of the array retardation time 'ca.

0.0 15. Acknowledgment
0.0 0.5 1.0 1.5 2.0 2.5 3.0 This research was sponsored by the Air Force

Office of Scientific Research under grant
Bias Period (mm) #F49620-88-C-0109.
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Femtosecond Pulses of Terahertz Radiation:
Physics and Applications

D. Grischkowsky and N. KatzeneUenbogen

IBM T. J. Watson Research Center, P.O. Box 218,
Yorktown Heights New York 10598

ABSTRACT ter and receiver are identical, identical transmit-

ter and receiver bandwidths are obtained. This

The use of high-performance, Herzian-dipole result is compared to the calculated radiation
antennas has enabled us to extend the opera- spectrum from a Hertzian dipole (2,3) driven by
tion of our optoelectronic, pulsed THz beam sys- the current pulse determined by the laser
tem to beyond 3 THz and to thereby, determine pulsewidth, the current risetime, and the carrier
the limiting time-domain response function of the lifetime. From this comparison, the time-domain
photoconductive switch. Via this capability, we response function for the antenna current is ob-
have characterized a new type of THz source tained. We then use the receiver response
producing 380 fsec pulses, the shortest directly function to extract the true bandwidth of a novel
measured THz pulses in free space to date. source of relatively powerful and extremely

short pulses of freely propagating THz radiation
(4). These pulses, having a measured (full-

A high-brightness pulsed THz beam system has width-at-half-maximum) pulsewidth of 380 fsec
been recently developed (i). This with no deconvolution, are the shortest directly-
optoelectronic system is based on repetitive, measured, freely-propagating THz pulses in free
fsec optical excitation of a Hertzian dipole an- space to date.
tenna (1,2) embedded in a charged coplanar
transmission line structure. The resulting syn- TRANSMITTER TERAKZ BEAM RECEIVER
chronous bursts of radiation are collimated by a
THz optical system into a diffraction-limited beam i I I I
and focused onto a similar receiver. The THz ioi. _
system has quite tight coupling between the (o) ,
transmitter and receiver, while the good focus- )LI

ing properties preserve the ultrafast time de- SOLRCE CHIP DETECTING CHIP I

pendence of the source. Transmitted waveforms EXCITATION LASER DETECTION 1

have been measured with subpsec resolution BEAM BEAM

and with signal-to-noise ratios of more than
10,000:1. (b) ULTRAFAST DETECTOR

In this paper we extend the work of Ref. (i) to IN

smaller antennas and thereby, increase the fre- A

quency response to 3 THz. From the colculated , HZ EAM

THz optical transfer function together with the
known THz absorption, we extract the limiting
bandwidth of the system. Because the transmit- Fig I (a) THz optics, (b) Receiving antenna.

9
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The optoelectronic THz beam system (1) is 2d, where the amplitude spectrum is seen to
shown in Fig. l a. In general, laser excitation of extend beyond 3 THz. The sharp spectral tea-
the source chip produces a burst of THz radi- tures are water lines (6), from the residual water
ation. A large fraction of the radiation is emitted vapor present in the apparatus.
into the substrate in a cone normal to the inter-
face and is then collected and collimated by a (a) ULTRAFAST DIPOLE ANTENNA

high-resistivity (10 k92cm) crystalline silicon lens
attached to the back side of the chip (5). A EXCITATION

colliding-pulse, mode-locked (CPM) dye laser BEAM_,_

provides the 623 nm, 60 fsec excitation pulses THz RADIATION SOURCE

at a 100 MHz repetition rate in a beam with an
average power of 7 mW on the excitation spot.
After collimation by the lens, the beam of THz 0.
pulses propagates and diffracts to a
paraboloidal mirror, where the THz radiation is 0.2 (b)
recollimated into a highly directional beam. Af-
ter furnner propagating 50 cm the THz beam is 0 0.1

incident upon the receiver, where a second
matched paraboloidal mirror focuses the beam 0

onto a second identical silicon lens, which in turn
focuses it onto an ion-implanted SOS detection -0.1

chip with the antenna geometry shown in Fig. 20 40 60
lb. The antenna structure is located in the mid- TIME DELAY (ps)

dle of a 20-mm-long coplanar transmission line |
consisting of two parallel 5-pm-wide aluminum r 0.3

lines separated from each other by 10 um. The
electric field of the focused incoming THz radi- w 0.2

(I-'

at;-n induces a transient bias voltage across the 4U .1 4-2 0 fsec
5 pm gap between the two arms of this receiv-
ing antenna, directly connected to a low-noise =* 0
current amplifier. The amplitude and time de-
pendence of this transient voltage is obtained
by measuring the collected charge (average - _.___ __

current) versus the time delay between the THz 6 8 10 12 14

pulses and the delayed CPM laser pulses in the TIME DELAY (ps)

5 mW detection beam. These pulses synchro-
nously gate the receiver, by driving the W.o
photoconductive switch defined by the 5 pm 08

antenna gap.(d
For the transmitting antenna shown in Fig. 2a, A-0.6

identical to the receiving antenna and also fab-
ricated on ion-implanted SOS, we measure the >:0.4

P
transmitted THz pulse shown in Fig. 2b. This pulse 50.

is shown on an expanded time scale in Fig. 2c, ,
where the measured FWHM pulsewidth of 420 0
fsec (with no deconvolution) is indicated. This 0 2 3 4

pulsewidth is significantly shorter than the 540 FREQUENCY (THz)

fsec pulse obtained from the same experimental
arrangement, but with 30-pm-long antennas (1).
The use of antennas smaller than Fig. 2a did not Fig.2 (a) Transmitting antenna, (b) Measured
significantly shorten the THz pulses. The numer- THz pulse, (c) Measured THz pulse on expanded
ical Fourier transform of Fig. 2b is shown in Fig. time scale. (d) Amplitude spectrum of Fig. 2b.
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Two effects reduce the spectral extent of the In the small antenna limit corresponding to the
measured pulse (Fig. 2d). These are the Hertzian dipole (2,3), the generated radiation
frequency-dependent transfer function (7) of the field is proportional to the time-derivative of the
THz optical system (Fig. 1a) and the THz absorp- current pulse. Based on our results we conclude
tion in the sapphire (SOS) chips (5). The trans- that the current in the antenna is mainly deter-
mission function describing these two effects is mined by the intrinsic response of the semicon-
presented in Fig. 3a. Dividing the measured ductor itself. We will now briefly derive the
spectrum in Fig. 2d by this transmission function intrinsic time-domain response function for a
we obtain Fig, 3b. Here, the spectral extent is semiconductor described by the simple Drude
determined only by the product of the receiver formalism. For this case the free carriers are
response and the transmitted spectrum. Be- considered as classical point charges subject to
cause the transmitter and receiver are identical, random collisions. Here we use the simplest
by the reciprocity theorem (8), the transmitted version of this model for which the collision
spectrum is identical to the receiver response, damping is independent of the carrier energy
and is given by the square root of Fig.3b shown and for which the frequency dependent com-
in Fig. 3c. plex conductivity a(u)) is given by (9)

(T (7 dc(1)
0 0 8 ( )

IL 0.6 where =I/T is the damping rate and T is the
average collision time. This relationship is in

0A -good agreement with recent time-domain
P spectroscopy measurements on lightly doped

0.2 silicon from low frequencies to beyond 2 THz (9).
(a) The dc conductivity is given by ac = epdN,

where e is the electron charge, uc is the dc
1.0 mobility and N is the carrier density. In the fol-
0lowing discussion it is helpful to cast the
0.8 -formalism into a frequency dependent mobility

n. 06 (b) as

4 , = 11 c ,+ - ' (2)
W~ 04 0)=Id

The dc current density is given by Jc = UdcE, or
01 equivalently Jd = eEpdN, where E is a constant

electric field. Because of the linearity of the cur-
1.0 rent in N, for a time dependent carrier density

N(t), the time dependent current density can be
0.85written as
0.6• <0.6 eEf_

J(t) = eE (t- f)N( )dt, (3)
>04

0.2 where ji(t-t') is the time-domain response func-
tion for the mobility. This function is determined

0 1 2 3 4 by the inverse transform of the frequency de-
FREQUENCY (THz) pendent mobility to be the causal function

Fig.3 (a) Transmission function, (b) Amplitude
spectrum of Fig. 2c divided by transmission F-)= JdC~e(4)

function, (c) Amplitude spectral response of
transmitter and receiver, which vanishes for negative (t-t').
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In order to facilitate the understanding of the function jc(t') to have the time dependence
photoconductive switch it is useful to rewrite the described by Eq. (7). This response function is
basic Eq. (3) in the equivalent form,

1.0 

J4t) = oEAJ__ - Rc r - o'Ir)d'r .8

(5) .=E0.6

where l(t') is the normalized intensity envelope
>0.4

function of the laser pulse, A is a constant giving
the conversion to absorbed photons/volume

0.2
and Rc describes the decay of the
photogenerated carriers. By defining a new J.
photocurrent response function jpc(t-t'), we can
rewrite Eq.(5) in the following form

I- (b)
.4

J __j = (t-rf)I(r')dr', (6) 0= 4

where j,,(t-t') is obtained by evaluating Eq.(5)
with a delta function b(t") laser pulse. Assuming
the causal function Rc(t'-t")= exp-(t'.-t"'i c, de-
scribing a simple exponential decay of the car- 0 2 4 6 6 10

riers with the carrier lifetime T, (significantly TIME (ps)

longer than the average collision time T) fof 1.0

positive (t'-t") and vanishing for negative (t'-t"),
and that u(t-t') is given by the Drude response = 0.8 (- ( c )
of Eq. (4), the causal response function j,,(t) is
then evaluated to be 2 0.6

> 0.4

jpc 0 ceEAF t'Ij 0(td) - reE (e- '/c - t/) (7) .F - I /TC 0 0.2.

0

for positive t= (t-t') and shown to vanish for 1.0
negative t. In the short pulse limit of the ultrafast W
excitation pulses, the time dependence of the 0.8
photocurrent J(t) is approximotely equal to that
of the photocurrent response function jpc(t*) for 0.6

positive t. For a long carrier lifetime, the time
dependence of jic(t) is described by a simple P
exponential rise with a risetime of the order of I
r=1/1, which is equal to 270 fsec and 150 fsec
for the electrons and holes, respectively, in ,_ ,_ ,_,_,_,_,
lightly doped silicon (9). As these results show, 0 4

the material response can be slow compared to FREQUENCY (THz)

the duration of the ultrafast laser excitation
pulses which can be as short as 10 fsec, but is Fig.4 (a) Calculated current pulse in antenna,
more typically of the order of 60 fsec. (b) Time-derivative of current pulse, (c) Ampli-

For the photoconductive switches considered tude spectrum of Fig. 4b, (d) Comparison of Figs.
here, we assume the time-domain response 4c and 3c.
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then correlated with a Gaussian shaped laser
pulse with a FWHM of 60 fsec. The carrier life-
time T, has been measured to be 600 fsec for
ion-implanted SOS (10). As demonstrated
above good agreement with experiment is ob- (a)
tained with the average collision time T = 190
fsec. With these parameters the calculated .
shape of the current pulse in the
photoconductive switch and the Hertzian dipole
antenna is presented in Fig. 4a. The time deriv- 1.2

ative of this pulse is given in Fig. 4b, where an
extremely fast transient, corresponding to the
rising edge of the current pulse, is seen. The W 0.8

numerical Fourier transform of Fig. 4b, presented
in Fig. 4c, is the predicted amplitude spectrum 5 0.4

of the transmitter. In Fig. 4d, this spectrum is
compared with the amplitude spectrum of the
transmitter from Fig. 3c; the agreement is excel-
lent. Thus, we have determined an exper- -0.4

imentally self-consistent time-domain response
function describing the current in the dipole an- 2

tenna, although the 190 fsec risetime (collision
time) seems too slow for ion-implanted SOS. Z 0.8 (c)

The well-characterized THz beam system and
ultrafast detector of Fig. I can now be used to 04 0.4 380 fsec
determine the spectral response of a new source 0of extremely short pulses of THz radiation (4). 0 - -- .
The operatic of this source is based on a re-
cently discovered optoelectronic effect (11), ini-
tially used to generate 350 fsec electrical pulses -0.4

on a coplanar transmission line by focusing 10 1 2 16 4 6 18 20

ultrafast laser pulses on the interface (edge) of TIME DELAY (ps)

the positively biased line. Here, as illustrated in
Fig. 5a, we use the same technique with a dif-
ferent line geometry and together with the THz Fig.5 (a) New method to generate pulses of THz
beam system to capture the radiation emitted radiation, (b) Measured THz pulse, (c) Measured
into the substrate from the point of excitation. THz pulse on an expanded time scale.
The 20-mm long coplanar transmission line
structure consists of two 10-pm-wide, Ni-Ge-Au
metal lines separated by 80 pm and fabricated is the sharpest feature ever measured with an
on intrinsic, high-resistivity GaAs. Irradiating the ion-implanted, SOS detector. The dip is caused
edge of the positively biased line with focused by the pulse reshaping due to the dispersive (5)
10 um-diameter, ultrafast laser pulses produces propagation of the ultrashort THz pulse through
synchronous bursts of electromagnetic radiation. the 0.46-mm-thick GaAs generation chip and
This source is completely compatible with the the 0.46-mm-thick sapphire substrate of the SOS
THz beam system and merely replaces the detection chip. Because of the exceptionally
source chip. low dispersion and absorption of silicon (5), the

The measured THz pulse emitted from the laser 13.5 mm propagation through the silicon lenses
excited metal-GaAs interface with +60V bias does not significantly effect the pulseshape. The
across the transmission line is shown in Fig. 5b, measured 190 fsec time delay from the mini-
and on an expanded time scale in Fig. 5c. The mum of the dip to the next later maximum,
feature (dip) on the falling edge of the THz pulse demonstrates an exceptionally fast receiver
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I. Introduction different temperatures so that the performance of each
could be compared and the optimum growth

Photoconductive elements have been employed to temperature of the latter determined.
generate and detect ultrafast electrical signals in many We also explore alternative antenna structures - in
areas of optical electronics.[1,2] One outstanding the form of logarithmically-periodic planar antennas -
application of these structures, when they are fabricated in order to increase the bandwidth and the radiation
on substrates with rapid recombination times, is as efficiency over conventional dipole antennas.
transmitting and receiving antennas that can be used for Lastly, we extend the coherent time-domain
millimeter-wave and submillimeter-wave spectroscopy. spectroscopy technique to the measurement of thin
Experiments which characterize a terahertz radiation absorbing films. In this case the transmission of
system using dipole-like antennas have been carried terahertz radiation through a thin-film of a high-
out,[3] and the system has been applied to the temperature superconductor, YBa2Cu 307.x (YBCO),
spectroscopy of dielectrics [4] and semiconductors.[5] was measured above and below the critical temperature.

Assuming that short laser pulses and a high- From these measurements, the complex conductivity
quality imaging system are available, the fidelity of the was directly obtained without the use of a Kramers-
broadcast signals and the resolution attainable for a Kronig analysis.
spectroscopy system depend primarily on the
photoconductor material and antenna system. The best II. LT-GaAs layers
photoconductive-switch substrates combine an
extremely short photoexcited carrier-response lifetime The higher responsivity of the LT GaAs layers allows
(< 200 fs) with adequate carrier mobility (-100 cm 2 /V- larger signals to be generated by the transmitter, as
s), and they possess ultrafast response speed, high well as a larger response to be induced in the receiver
responsivity, high dielectric-breakdown field (> 200 for the same detected field. Furthermore, the higher
kV/cm), and a high resistivity (- 107 Q-cm). Under breakdown of the LT GaAs materials allows higher
the correct growth conditions, the material system that bias voltages and larger photogenerated signals, so that
has been found to surpass semi-insulating, amorphous, the overall signal-to-noise ratio is found to be
and tadiatioi-damaged semiconductors in these respects approximately 20 times greater than for a comparable
is low-temperature, MBE-grown GaAs (LT GaAs).[6- system employing dipole-like antennas fabricated on
7] We demonstrate, for the first time, the advantages radiation-damaged silicon-on-sapphire (SOS).
of the use of optimized LT-grown materials as they are Figure 1 shows photoconductively generated
applied to the photoconductive generation and detection pulses using a gap in a coplanar transmission line
of radiated terahertz bursts. In this investigation, fabricated on different samples of LT GaAs grown at
dipole-like antennas fabricated on LT-grown materials two different temperatures at MIT-Lincoln Laboratory.
with the cleanest photoconductive response have been Until now, it was believed that a 200*C growth
found to generate the shortest, and thus widest temperature would yield a photoconductive material
bandwidth, radiation bursts. Measurements were made with the fastest response. However, using external
using antennas fabricated on radiation-damaged silicon- electro-optic measurement techniques, the material that
on-sapphire (SOS) and LT GaAs layers grown at was grown at 1909C was found to yield a pulse with an

15
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unconvolved FWHM of 480 fs with no persistent tail. (190oC) material extends beyond 2.5 THz, allowing
This would thus represent an upper limit to the spectroscopic measurements to be made on low-loss
response time of this material. The LT GaAs grown at materials at frequencies in excess of 2 THz (Fig. 3).
200*C responded with a FWHM of 630 fs, due partly
to the presence of prolonged photoconductivity.
Although the accuracy of the absolute growth III. Log-periodic Antennas
temperature is questionable at these low growth
temperatures, the distinguishing factor is the In order to increase both the bandwidth and the
crystalline structure of the material during growth. In amplitude of the radiated signals, logarithmically-
the case of the 190*C material, it is on the verge of periodic planar antennas fabricated on the LT GaAs
becoming polycrystalline during growth (as indicated have also been tested (Fig. 4).[81 The antenna design
by the RHEED pattern). The material grown at 200°C uses a ratio of 0.5 for the distance of successive teeth
is crystalline during growth. In both cases the material from the center with an arm angle of 45 . The
is post-annealed in situ at 600*C in an arsenic over- temporal characteristics of these broadband, efficient
pressure. Measurements on a material grown at an radiators display an oscillatory behavior exhibiting a
intermediate temperature indicated improvement over variable period, with a correlation noted between this
the 200*C material, but still exhibited a tail on the performance and the spacing of the stub-gap pairs on
response. The existence of this tail, seriously inhibits the log-periodic structure (Fig. 5). The antenna can be
an accurate frequency domain analysis as artifacts are modeled as a series of resonant structures periodically
introduced during truncation when a numerical fast- placed along a transmission line. Upon creation and
Fourier transform (FF1) is applied. subsequent propagation of an electrical transient

originating at the center of the antenna, each one of the

m resonant teeth in turn is encountered and radiates at the
-LT GaAs- 200 C corresponding resonant frequency. This gives rise to

0.8

& 0.6
.4 0.5

> 0.2, -< FWHM s 440 fs

0o - ---- I

0 1 2 3 4
rum (PS)

Figure 1. Electrical pulses photoconductively generated -0.5
using LT GaAs substrates at 190'C and 2009C growth 2 3 4 5 6

temperatures and measured via electro-optic sampling. To* (ps)
Figure 2. Radiation burst photoconductively generated

Next, coplanar striplines which have been shown and detected using dipole-like antennas fabricated on LT
to behave as dipole-like-antenna radiators [3] were GaAs grown at 190"C
fabricated on the same LT-grown GaAs materials and
mounted on hyperhemispherical-dome lenses made of I
high-resistivity silicon. The dc-biased transmitter was
positioned several centimeters from an identical E 0.8
receiving antenna, allowing a nearly-collimated
radiation beam to be broadcast and detected. The signals 0.6
were triggered by 150-fs laser pulses at the transmitter
and then measured via photoconductive sampling at the
receiver. The measured radiation was a convolution of
the broadcast signal and the receiver response, so the
result using the 190*C material was far superior to that 0.2
using the 2001C material. The FWHM as determined
by a Gaussian fit to the central spike of the time- 0
domain waveform was found to be 0.44 ps (Fig. 2). 0 0.5 1 1.5 2 2.5
This is only an upper limit to the response which is Requency (THz)

limited by the antenna bandwidth and the laser pulse Figure 3. Spectrum of the time-domain waveform of
duration. The spectrum generated using this optimized Fig. 2
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the chirp-like temporal characteristics seen in Fig. 5. (e.g., interconnects, resonators, filters, etc.). The latter
An experimental comparison has been made between is found via measurements of the complex conductivity
photoconductively excited log-periodic and the or surface impedance. In the past, time-domain
coplanar-stripline dipole-like antennas, with the techniques have been used to assess the high-frequency
amplitude of the radiated field of the former found to be response of YBCO thin films by measuring the
at least 10 times greater than that of the latter. This dispersion characteristics of short electrical pulses (- 1
was combined with a log-periodic receiver and the ps) propagating on transmission line structures
overall amplitude increase scaled roughly as the square patterned from these films.J9,10] In one such study
of the amplitude increase seen with just the transmitter (Ref. 10) the surface impedance was obtained for
replaced by a log-periodic antenna (i.e., -100 times frequencies extending to 500 GHz. The coherent time-
increase), domain spectroscopy technique offers a nondestructive,

noncontact way to study the complex conductivity of a
SPhotoeoadutive thin-film, a fundamental quantity which may be
j200 prm switCA directly compared to theories, BCS-based or otherwise.

45 0 We first apply the teraherz spectroscopy technique

to assess the characteristics of a MgO substrate on
.................. which the high-T c thin films are later deposited. From

a measurement of the transmission function the
complex index, N can be directly obtained. The results

Voltage bbas are shown in Fig. 6. The real part of the index
45tallisdon increases only slightly with frequency. Indeed this

demonstrates the ability to accurately measure index
Figure 4. A logarithmically-periodic antenna structure. changes of less than 2% over a bandwidth exceeding 2

THz in thin samples (0.5 mm). From the imaginary
4 part of the index the power absorption was within
3 experimental error having an upper limit of - 4 cm-1

at room temperature over the entire measured frequency
S2 range. At lower temperatures this value decreases even

further.[il] These properties make this substrate an
excellent choice as a microwave substrate for circuit

0 applications.

3.21 0.4-2

-3 3.19 N 0.3

-4 -3.k
0 3 6 9 12 15 18 3.17 02

Figure 5. The time-domain response of a transmitter 3.15 0.1

using the antenna shown in Fig. 4. The receiver was a
dipole-like antenna 3.13 ---------------- i ---------------- 0

Despite this large increase in efficiency over a 3.11 -- .0.1
more conventional dipole-like antenna design, the 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4
discrete nature of the antenna makes applications to Fmsuency (THz)

terahertz spectroscopy less desirable than using dipole-
like antennas. However, this antenna may have other Figure 6. The measured complex index for a a00-em
uses which take advantage of its broadband, high thick magnesium oxide substrate.
efficiency nature, such as pulsed radar. Next a superconducting YBCO thin fidm (-1000-A

thickness) deposited on a MgO substrate was placedIV. High-Tc Superconducting Thin-Films between the antennas. The epitaxial c-axis oriented

Studies of the high-frequency properties of film was produced using a standard laser-ablation
superconducting materials based on their response to process.[121 Figure 7 shows the time-domain response
millimeter- and submillimeter-wave electromagnetic in transmission for temperatures above and below the
perturbations are of special interest. They give insight critical temperature (-80 K). The changes associated
into the nature of quasiparticle excitations and pairing with the onset to superconductivity can be directly
mechanisms, as well as a direct assessment of how the seen. A dramatic decrease in the transmitted signal
materials would perform as passive microwave devices amplitude occurred mainly as a result of the increase in
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the reflection of the incident wave. An even more s - --.......

dramatic change can be seen for temperatures below 4
-Tc/ 2 . A phase shift and an accompanying change in '0 via = -/a
pulse shape are also identified. This is a direct result of 3 (30 K)

the presence of superconducting electrons.

•~~~~~~ so I-.7 ) ......
Sample Temperatu1re

1 100 K 10 a.(30
8-0K 0 21

30 K ., 0.3 0.5 0.7 0.9 1.1 1.3 1.5

10 muwcy (THZ)0 .... !. :. - ' .. 2..

% Figure 8. The complex conductivity obtai ned from the
.-~transmitted waveforms of Fig. 7.

-i -.- ...-........ conventional photoconductive materials such as
0 1 2 3 4 S radiation damaged silicon-on-sapphire. A log-periodic

Te () antenna was demonstrated which had a measured

Figure 7. Transmitted time domain waveforms through increase in radiation efficiency of -10 times over a
a -1000 A thick YBCO thin-film above and below the conventional dipole-like antenna. We have also shown
transition temperature. that the terahertz spectroscopy technique can be used to

nondestructively measure fundamental ac properties of
thin superconducting high-Tc films.

From the measured transmission function (in this
case the frequency response of the film-on-substrate
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ABSTRACT independent antennas 13]. Their large bandwidth
is due to the repetition of a pattern or cell. One

A new type of log-periodic antenna, the wire log- advantage of this design is that it is resonant at
spiral, has been designed and implemented on M1/4 wavelength excitation for both the longest
low temperature grown GaAs substrates. The new and shortest teeth. As was shown in Ref. [3], this
antenna is compared to two traditional antenna structure can be reduced to wire outlines, as the
designs (log-periodic and dipole) for the currents flow at the outer edges of the conductors.
detection of pulsed THz radiation. This approximation greatly simplifies the

layout. An outline of the LP antenna electrodes
INTRODUCTION used in this work is shown as an inset in Fig 2(b).

In addition, non-planar implementations can
Miirowave pulses, with terahertz bandwidth narrow the beam pattern of a given antenna, but
and picosecond duration can be generated using are not considered here for practical reasons. For
standard ferntosecond laser techniques, and a given design the number of elements in an
detected using a 1/2 wave dipole antenna [1,21. antenna can be varied. This reduces the
This antenna is typically 100 ;m long and impedance for symmetrically connected arms, as
fabricated on a short carrier lifetime substrate, long as the electrodes do not overlap. The
such as ion-implanted silicon on sapphire. The requirements for good antenna performance are
received signal is then electrically gated with the avoidance of edge effects and near constant
the same femtosecond laser that is used to impedance (at the feed point) over the entire
generate the RF. Gates are photolithagrphically frequency band.
defined at the center or feed point of the antenna. Edge effects can be avoided by making the

This paper reports on the design, fabrication antenna large relative to the lowest frequency, or
and initial performance demonstration of a new about 1/2 of the longest wavelength [4]. Both
type of antenna for detection of broadband pulsed designs considered here are -1 mm across the
THz radiation, the log periodic antenna. In longest dimension. The increasing impedance of
addition, a new kind of log periodic structure, the the antenna with radius causes a resonant section
Wire Log Spiral (WLS), is presented. The new to propagate any received energy toward the feed
design is compared experimentally with a dipole point in a backward wave configuration. This
and a standard log-periodic design, also also tends to eliminate edge effects.
fabricated for this purpose. The requirement of constant impedance is

critical for antennas which are fed by 50 fQ feed
PERIODIC ANTENNAS lines. In the original implementations operating

at < 1 GHz great care was taken to integrate the
Unlike a 1/2 wave dipole which is resonant at coaxial feed cable into the structure (structures

a single frequency, logarithmically, or Log ranged in size from a few centimeters to several
Periodic (LP) antennas are a family of frequency meters) [41. For antennas which are gated at the

20
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Figure 1. Wire Log-spiral antenna. (a) Measured Figure 2. Log periodic antenna. (a) Measured time
time waveform, E(t). (b) Fourier transform of E(t). waveform, E(t). (b) Fourier transform of E(t).
Inset shows electrode pattern. Line width is 5 pgm Inset shows electrode pattern. Line width is 5 pm
and contact pads are 100xl00 p.m. and contact pads are 100xlOO pm.

feed point, this requirement does not appear to be frequency coverage since the circular nature of the
important (the switch effectively mixes the RF antenna produces a continuous range of resonances,
down to either the laser repetition rate or while preserving the LP nature of the antenna.
alternatively, the lock-in frequency). In these
structures the gated, low frequency signals are By applying a similar reduction of the pattern
read from the contact pads, using the antenna to a wire outline with this design, the WLS
simply as a wire connecting the pad and feed structure results and is shown in the inset of Fig.
point. Detected reflections were found to come 1(b). However, in th.s approximation, the
from the backside of the wafer on which the antenna pattern is reduced to a series of non-
antenna was fabricated, rather than the antenna concentric half circles whose radii scale in the
edge. same way as the LP antenna elements. The

Another antenna type is the LP-sinuous spiral, individual half circles are offset along the axis
where the electrode pattern is generated by a to alternately join and form a continuous path.
more complicated mathematical expression [5]. With both structures, the wire approximation
The sinuous design is expected to offer better violates the self complementary nature of the
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antenna. We note that the LP design presented Both periodic antennas have been used as
here is polarization independent, since it contains detectors in linear and nonlinear spectroscopic
four arms. The WLS design has two arms, and measurements on Pb [91 and GaAs 17].
manifests a polarization dependent response.
Both antennas are fabricated by deposition of
1 j thick by 5 p wide gold electrodes on Low
Temperature (LT) grown GaAs photoconductors
161.

EXIERIM 4
The THz RF pulse is derived by illuminating

an InP wafer with -50 gj, 70 fs Full Width at
Half Maximum (FWHM) visible optical pulses
derived from a 10 Hz amplified CPM dye laser
system [1, 71. Peak detected signals were several e 2

hundred millivolts at a current gain of 108 A/V.
Signals were acquired using a current preamp and W

boxcar averager because of the low (10 Hz)
repetition rate. The RF pulse is strongly
polarized due to the orientation of the InP wafer,
requiring correct antenna orientation. This was
confirmed using a wire grid polarizer. A single
experimental scan (acquisition ti' e of =1 minute)
of the electric field, E(t). -nc :ent on the WLS
antenna as a function of gat. delay time is shown 0 10 20 30
in Fig. 1(a). Time (ps)

Analogous E(t) data for the log periodic
antenna is showA in Figs. 2(a) and 2(b). Unlike
the WLS, peaks appear in the frequency
spectrum. These are due to the discrete nature of
the ante: .na which behaves as a series of resonant Dipole
dipoles distributed along a transmission line. 15 D

The frequency dispersion (chirp) observed for
both antennas is a consequence of the propagation
time required for longer wavelength signals to
reach the feed point of the antenna, and has been
previously observed in another antenna type [8].
This dispersion can be advantageous when
analyzing spectral response, as the time axis of
Figs. 1(a) can also be viewed as the frequency axis
since the phase of the Fourier transform is nearly
linear (not shown).

By setting the phase of the transform to zero W

and performing an inverse Fourier transform, the
chirp is removed and a short pulse similar to the
dipole response (but symmetric) is produced,
shown in Fig. 3 (a), with a FWHM about equal to
the photoconductive switch response. The dipole
antenna (100 pm elements) produces the same -51
transformed response and is shown in Fig 3 (b). 0 1 0 20 30

The qualitative accuracy of this approximation Time (ps)
is seen by the small amount of energy in the
wings. In comparison Fig. 4 shows the same zero Figure 3. (a) Spiral antenna response with phase
phase transformation for the log periodic, with of transform set to zero and transformed back into
clearly poorer results due to the poor spectral the time domain. (b) Dipole antenna response
overlap of the individual elements. after identical transformation.
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Using etch techniques it should be possible to have an order of magnitude better overall
reduce the amount of dispersion for a given response than dipole antennas presently in use.
antenna [101. Both designs produce peak The wire log-spiral exhibits a smooth chirp
amplitudes similar to a dipole antenna, but an which can be used directly for spectroscopic
order of magnitude larger total energies are measurements or removed through Fourier
detected due to the broader spectral coverage, transform manipulations, resulting in a short

As these preliminary results were obtained pulse limited by the photoconductive switch
using a photoconductor with a carrier response.
recombination time of -1 ps, the upper frequency
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ABSTRACT 80X thick GaAs layers separated by a 31 X (11 mono-
'Me transition between split subbands (design splitting: layers) wide Alo.3 Gao.As barrier. 200 A thick
Th trasitin betwen split quandsm (ellisin Al0 .3Gao.7 As buffer layers isolate the double quantum
5 meV) in n-doped coupled quantum wells is investin-doped
gated by time-domain spectroscopy with ultrafast pulses providing modulation-doping (n = 1.2 x 10b l cm - 3)

of far-infrared radiation. This very strong transition has a to the quantum wells. The whole stack of quantum wells
linewidth of 2.5 meV. The maximum absorption is is sandwiched between 500 A thick layers of undoped
observed at 4.2 meV photon energy, lower than the Alo.3 Gao.7As. 5000 A thick n-doped A10.3 Ga 0.7As
design splitting. We attribute this down-shift of the peak layers (n = 1.5 x 1017 cm- 3) on the top and the bottom
absorption tentatively to the influence of many-body of the stack prevent the formation of a depletior zone in
interactions which lead to correction terms for the calcu- the well region ensing flatband conditions. The back-
lated transition energy in the same order of magnitude as side of the sample is polished to allow transmission
the transition energy itself. measurements.

The amount of splitting of the resonant levels can be
INTRODUCTION estimated by solving the eigenvalue equation for coupled

Two quantum systems with energy levels in resonance square wells. For the parameters of our sample we calcu-

with each other experience a splitting of these levels late a design splitting of 5 meV (corresponding to a fre-witheac oter xperenc a plitingof hes leels quency of 1.25 THz). Bandbending by the dopants and

when the wavefunctions of the systems overlap. In semi- many fets aenin in this calculan.
condcto stuctres onsstig o pars o clsel spced many-particle effects are not included in this calculation.

conductor structures consisting of pairs of closely spaced At our doping densities we expect the bandbending

quantum wells the wavefunction overlap of charge car- effects to be of minor importance t71.

riers in the wells leads to a novel kind of intersubband

transition. To date, this transition has been studied by
intcrband absorption and luminescence [1-5] and, most
recently, by four-wave-mixing experiments [6]. Here, we MEASUREMENT TECHNIQUE
report of the first direct absorption measurements of the We measure the absorption spectrum of the split-
split-subband transition in coupled quantum wells. subband transition by time-domain spectroscopy. Infor-

mation about the dispersion and absorption properties of
the sample is extracted by Fourier analysis from the

SAMPLE change of the shape of an ultrashort light pulse propagat-

The results discussed here are obtained with a sample ing through the sample.

consisting of 50 periods of pairs of identical square Fig. I gives a schematic representation of the setup
potential quantum wells grown by gas-source of our time-domain spectrometer (similar to that of [81).
molecular-beam-epitaxy. Each pair is formed by two The far-infrared pulses needed for our experiment are

24
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generated in a photoconducting dipole antenna [9]. The The sample is mounted on the cold-finger of a
dipole consists of a 50 ;Lm long, 5 tm wide and 0.25 pm continuous-flow helium cryostat equipped with 3 mm
thick gold strip on a sapphire wafer. A 5 pm wide gap in thick high-resistivity (10 kD)cm) silicon windows. To
the middle of the strip is centered on a 0.6 Lm thick pho- observe the split-subband absorption, the sample is
toconducting silicon mesa that has been radiation dam- placed under Brewster's angle. We also perform control
aged with 350 keV silicon ions at a dose of 5 x 1014  measurements with the sample rotated to a position per-
cm - 2 to obtain a subpicosecond photocurrent decay pendicular to the beam. In this geometry, with the polari-
time. The antenna is biased with 9 V across the gap. zation of the radiation perpendicular to the growth direc-
Optical generation of carriers in the photoconductor with tion of the quantum well stack, polarization selection
100 fs long light pulses from a balanced colliding pulse rules forbid split-subband absorption.
mode-locked (CPM) dye laser produces an ultrashort
burst of electrical current in the antenna which radiates
off a terahertz bandwidth electromagnetic pulse. Most of EXPERIMENTAL RESULTS
the power is directed into the sapphire substrate. This
part of the radiation is coupled into free space by a In Fig. 2, the waveforms of terahertz bandwidth far-
hyper-hemispherical silicon lens glued on the backside infrared pulses detected after propagation through the
of the sapphire substrate. The emerging beam forms a sample under Brewster's angle are shown for sample
cone with a full angle of about 25'. The radiation is first temperatures of 10 K (solid line), 30 K (dashed line) and
collimated by an off-axis paraboloidal mirror, then 100 K (dotted line), respectively. Room temperature data
focused onto the sample by a second paraboloidal mir- are not shown explicitly, because the waveform at 300 K
ror. The diameter of the focal spot is 600 - 700 tm. closely follows that for 100 K. At 300 K, the far-infrared
Another set of paraboloidal mirrors focuses the transmit- pulse suffers hardly any attenuation resulting from the
ted beam onto a second dipole antenna used to detect the excitation of intersubband transitions because the elec-
waveform of the terahertz radiation via photoconductive trons populate the lower and the higher subband nearly
sampling. The terahertz segment of the experimental equally. The split-subband absorption is compensated to
setup is placed in a chamber flooded with nitrogen gas to a great extent (theoretically about 95 %) by stimulated
eliminate background absorption by the water vapor in
the air 101.

1 .0 I F I I

............. T= 100 K
Laser Beam Laser Beam 0 K

E __ T:30K
Sample . 0 T=10K0.5 _T = 10

"o 0.0

E
< -0.5

-2 -1 0 1 2 3
Time (ps)

Fig. I Time-domain far-infrared spectrometer setup
covering the photon energy range 0 - 9 meV. Fig. 2 Time dependence of the detected amplitude of
The terahertz beam, generated in photoconduct- the far-infrared light pulse after propagation
ing dipole antennas, can be focused with para- through the sample under Brewster's angle.
boloidal mirrors to the diffraction limit of Sample temperatures: 100 K (dotted line), 30 K
several hundred micrometers. (dashed line) and 10 K (solid line).
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emission. For temperatures below 100 K, we observe a electrons in the quantum wells and the doped layers
reduced amplitude in the trailing part of the transmitted sandwiching the quantum wells. From our experiments
terahertz pulse and a strongly damped ringing at the tail we are not able to determine the absolute contribution of
of the pulse. Both the attenuation and the ringing are the free-carrier absorption to the ittenuation of the
attributed to the intersubband excitation of electrons that terahertz radiation. With the results of Fig. 4 we can,
now occupy mostly states in the lower subband. however, rule out that free-carrier absorption impedes
Fig. 3 shows the Fourier transforms of the terahertz the interpretation of the temperature dependence of our
pulses of Fig. 2 revealing the spectral dependence of the data a, caused by the split-level absorption. Free-carrier
intersubband absorption. As discussed above, the pulse absorption does not vanish when the sample is rotated. If
spectrum without absorption is given by the curve for a free-carrier absorption would significantly contribute to
sample temperature of 100 K. For lower temperatures, the attenuation of the terahertz radiation and would
the amplitude of the Fourier transforms is reduced in the change noticeably with temperature as has been found
frequency range around 1 THz, but remains unchanged under certain conditions [11], we should observe a
for very high and very low frequencies. The frequency change of absorption with temperature also if the polari-
dependence of the absorption does not seem to change zation of the radiation is parallel to the plane of the
with temperature. quantum wells.

From the data for 100 K (or 300 K) and 10 K plotted inIn Fig. 4, results of a control measurement with the Fig. 3, we deduce the lineshape of the absorption. Fig. 5

sample rotated to a position perpendicular to the beam shows the absorbance of the sample, i.e. the quantity

are displayed. The Fourier transforms of pulses transmit- -logs the abs the owe am isin t q

ted through the sample at temperatures of 100 K (solid IE(L,o)12 /Ik(0,) 2 , of a terahertz pulse E(o,t) pro-
line), 30 K (dashed line) and 10 K (dotted line) hardly pagating through the quantum well stack. To calculate
differ from each other. This corroborates the theoretical the absorbance, we use the Fourier transforms of the data
prediction that no intersubband absorption can be for 100 K and 10 K as E(0,t0) and E(L,tu), respec-
obtained if the polarization of the terahertz radiation lies tively. The absorption line peaks at a photon energy of

in the plane of the 4iantum wells. Another important 4.2 meV (v= 1.05 THz), 0.8 meV lower than the design

conclusion concerns the free-carrier absorption by the

1.0 - 1.0'....... T= 100K 1.0T= 30K ....... T=10K
-T=10 . T=30K -

-T=100K
CO

0.5 0.5

E
< 0.0 <_0.0

0 1 2 3 0 1 2 3

Frequency (THz) Frequency (THz)

Fig. 3 Fourier transforms of the far-infrared light pulse Fig. 4 Control measurement: Fourier transforms of the
after propagation through the sample placed far-infrared light pulse after propagation
under Brewster's angle. Sample temperatures: through the sample placed perpendicular to the
100 K (dotted line), 30 K (dashed line) and 10 beam. Sample temperatures: 100 K (dotted
K (solid line). line), 30 K (dashed line) and 10 K (solid line).
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I f1wo0 is the intersubband transition energy. r, is the

0.2 homogeneous linewidth of the intersubband transition
describing the relaxation of the oscillation of a

a) wavepacket from one quantum well to the other. In the
C context here, r. determines the damping of the perpen-
.0,dicular plasma oscillations coupled to the intersubband
0 0.1 absorption. The term a contains the frequency of the

plasma oscillations:

2
0.0 co= (3)

0 1 2 3 The plasma frequency w.1. is given by:

Frequency (THz) 4iRNe2 f (4)
e omd '(4

Fig. 5 Lineshape of the split-subband absorption where N is the sheet density of the electrons and nj is the

effective electron mass. The oscillator strength f and the
splitting. The width of the line is 2.5 meV, its shape is effective thickness dff of the charge layer are calculated
asymmetric extending to the high frequency side. with the following relations [15]:

2m
f = 2mWo<Z> 2 , (5)

THEORY dff = (6)2mw 0oL1  * (6)
A theoretical description of the absorption process can

closely follow the approach developed for the modeling 2
of the intersubband absorption in interface accumulation L = JdzJdaCo(a)Cj(a) (7)
layers [12,13] and in single quantum wells [141. The I
quantum well region in the sample is described as an
ensemble of two-level systems. The lower level s idenotes the envelope of the wave function of the lower
significntly populated making it necessary to include dest evelpet vef ow
many-particle interactions into the theory. The ensemble
is characterized by a dielectric tensor with vanishing The term 3 in Eqn. (2) is a many-particle correction
non-diagonal components. The diagonal components for for the collective intersubband excitation. It results from
the directions parallel to the surface are identical. They the so called excitonlike or final-state interaction of the
consist of the background dielectric constant co plus a electrons. Ji is given by:
Drude term for the plasma contribution: 2 N - ( av,(n(z),z)

E"(o) = C.(a) = C,,(a)) = = 0 an(z) (8)

= O. (1) Here, v, is the exchange-correlation potential as a func-
= Io tion of the density n(z) of the electrons.

r I = 1/I, is the damping constant for plasma oscilla- To determine the attenuation and the phase shift of a
tions parallel to the surface and wpill is the correspond- pulse propagating through the quantum well stack we
ing plasma frequency. The component e of the dielec- model the sample as a slab consisting of the thick non-
tric tensor for the direction perpendicular to the surface absorbing semiconductor substrate and a thin uniaxial
describes the intersubband absorption under the presence absorbing layer on top of it. We treat the sample as a
of the plasma: Fabry-Perot-system taking into account multiple

reflections of the electromagnetic wave from the inter-

°(-() = £0 (I+ faces of the quantum well region. We can neglect theo2 , 2-i (2o ) interfaces within the quantum well region because the



28 Picosecond Electronics and Optoeectonics

wavelength of our pulses is much bigger than the separa- Eqn. (3). For the envelope functions Co and j of the
tion of any two interfaces. We also neglect reflections first and the second sublevel we use as a simple approxi-
from the backside of the substrate because the reflected mation the wavefunctions for two infinitely deep square
pulses do no temporally overlap with the main pulse. potential wells separated by an infinitesimally thin bar-
The transmission coefficient t(w) of the sample is then rier. The thickness of each well is assumed to be equal to
given by: the thickness w = 80 A of the quantum wells of our

t12t23 pexperiment plus half the barrier width b = 31 A. The

+r 2 r2 3 exp(2ikL) p(ikL).(9) wavefunctions are given by:

ti and rij are the transmission and reflection coefficients I 2 kI(3
of the two interfaces of the quantum well region. L is the =  2w +b sinI(kz)

effective thickness of the quantum well region
(L =50x191 X). k. is the perpendicular component of - 2
the k-vector. It is given by k,=(o/c)e(o), with the 2w~b sin(kz).
effective dielectric function Ft(w): The wavevector k is equal to 2,r/(2w+b). With these

)= r,(o) 1- Ei O. (10) expressions the effective plasma frequency woPl, of Eqn.
,- e(w(J0) (4) is calculated to be 2nxl.5 THz (hiop1 =l.5 meV).

For the shift term a we obtain a value of 1.42.

o0 is the angle between the propagation direction of the It should be mentioned here, that we have omitted to
incident wave and the normal to the surface of the sam- include the coupling of the collective intersubband xci-
ple. Using Eqns. (1) and (2), we obtain from Eqn. (10): tations with the phonons into the theory. Pinczuk et a].

l eisin20, have shown that the inclusion of this effect can be
o= £ I - x important for the interpretation of the resonance shift of

intersubband transitions in single quantum wells [14].
o 0 -- ( [ The screening of the electric field within the quantum

X ( (11) wells by the polar GaAs lattice strongly influences the
resonance position for energies close to the LO and TO

The absorption resonance is given by the pole of e(to). phonon energies. Far away from the phonon resonances,
the coupling to the phonons becomes weak. In our case

by: rwe obtain for the shift term a a value of 1.54 instead ofby: 1.42 if we take the screening by the polar lattice into

(o2 - (l (12) account.

The remarkable result here is that the resonance fre- The exchange-correlation effect can be evaluated
quency is not given by wo. On one hand, the resonance with the help of Eqn. (8). For the exchange-correlation
is shifted by term a from wo to higher energies. 4x is potential in Eqn. (8), Ando gives a parameterized
the plasma frequency normalized by wo. The up-shift of expression [17]:
the absorption resonance has been shown to be a conse-
quence of the screening of the electric field by the carrier v =C - x
plasma [12,16] and is known as resonant screening or nctrEo
depolarization effect. The exchange-correlation of the
electrons, on the other hand, pushes the resonance via
term P3 back towards wo. 

X , (15)

RESONANCE ENERGY with r,=(3(4itn)) 1
3me 2/(i 2 E0o) and a 3 =4/(9n).

Assuming that all electrons are in the lower subband, the

It is instructive to estimate the shift of the absorption electron density n(z) is given by NIC0 (z)1 2. With these
resonance due to both the exchange-correlation effect expressions we can calculate the shift 0 in Eqn. (12). For
and the depolarization effect. The depolarization- a sheet density of the electrons of 2.3 x 101 cm - 2 we
induced shift of the resonance energy is evaluated with obtain for I0 a value of 1.29.
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Both many-particle effects shift the resonance energy 1 .0 - . - ----
by sizable amounts. The depolarization effect alone - (n ....... without
without the exchange-correlation correction - would absorption
push the resonance from the design splitting energy hwo 0.5 with
for the undoped sample of 5.0 meV up to 8.0 meV, pro- .6 with•
ducing a 60 % increase. The exchange-correlation effect, ,c absorption
however, counteracts this increase and nearly compen-
sates it by reducing the resonance energy again to 5.6
meV. In the experiment the absorption peaks at 4.2 meV,
somewhat lower than the design splitting energy. Recent E
mesurements of a and in single quantum wells yield < -0.5
similar values for a and 3as those calculated here [18].

-2 -1 0 1 2 3

MODEL CALCULATIONS Time (ps)

Using Eqn. (9) we perform calculations to model the
change of amplitude and shape of a terahertz pulse pro- Fig. 6 Calculated time dependence of a terahertz light
pagating through the sample. Results of such calcula- pulse after propagation through the sample.
tions are shown in Fig. 6. In this time-domain plot, a line: t intersubband absorption ,
pulse transmitted through the quantum well region is line: no intersubband absorpion.
displayed. The solid and the dashed line represent the
situation with and without intersubband absorption, than the original pulse [10]. Comparing Fig. 6 with Fig.
respectively. In the calculation we use for N, coo and r, 2, the change of the pulse shape obtained in the model
the experimentally relevant values. For the sheet density calculation is very similar to that observed in the experi-
of the electrons we assume N=2.3x10 n  cm- 2  ment.
(=n,..ux(2w+b)), for wOo we use the calculated value
hw0 = 5.0 meV, and the perpendicular damping con-
stant r. we determine from the full width at half max- LINE BROADENING MECHANISMS
imum of the measured absorbance: 9F', = 2.5 meV.
For the envelope wavefunctions Co and C, we use the In the calculations for Fig. 6 we assume that the absorp-
approximations describe above. For the plasma fre- tion line is purely homogeneously broadened. We have
quency wo_,, and the resonance shift terms a and 13 we also performed model calculations which assume a
then obtain the values given earlier: heo,, = 1.5 meV, predominantly inhomogeneously broadened line (width:
a = 1.54, and P = 1.29. lIT[o1, is assumed to be negligi- 600 GHz) with only a small contribution of homogene-
bly small. The incident pulse is the experimentally ous broadening (F = 50 GHz). Comparing the results of
obtained pulse plotted as dotted line in Fig. 1. For its these calculations we find no significant difference in
angle of incidence, 9j, we assume 0i = 73 0, and for L, both the time-domain and the frequency-domain data.
the effective interaction length of the light in the quan- From this we conclude that we are not able to decide
tum well region, we use L = 15 gtm. which type of line broadening prevails in our experi-

ment.
In Fig. 6, the intersubband absorption leads to a

reduction of the pulse amplitude in the trailing part of The model calculations predict, however, that for a
the pulse. A strongly damped ringing at the end of the much longer interaction length the shape of the transmit-
pulse results from the polarization oscillations of the ted pulse should be different for homogeneous and inho-
electrons which have been excited by the terahertz pulse. mogeneous line broadening. In the case of homogeneous
These oscillations decay with a time constant T 2 = 2/F broadening we should be able to observe a phase shift in
which for a linewidth of 640 GHz is T 2 = 0.5 ps. Hence, the trailing part of the transmitted pulse which is not
the damping is faster than even a single oscillation present in the calculations for an inhomogeneously
period l/(2 r,.)= 0.8 ps. For a smaller value of r, broadened line. This phase shift over the length of the
the polarization oscillations would produce a ringing at pulse requires a strong attenuation of the pulse which
the end of the pulse which would last distinctly longer can only be obtained after a sufficiently long propagation
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structure show no obvious phase-shift of the transmitted 5. A. M. Fox, D. A. B. Miller, G. Livescu, J. E. Cun-
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ABSTRACT In our studies, we investigate the transmission of

The conductivity a of superconducting films is studied terahertz bandwidth radiation of high temperature

with collimated terahertz radiation from photoconduc- YBa 2 CU3 07 as well as conventional niobium supercon-

tive dipole antennas. We measure both real and ima- ducting films. A significant distinction between niobium
ginary part of the conductivity directly without using the and YBa 2 Cu 3 0 7 is the magnitude of the superconduct-
gryr relationsing bandgap 2A in these materials. Whereas the 660
Kramers-Kronig relations. GHz bandgap of niobium is right in the middle of the

frequency range covered by the terahertz radiation and

INTRODUCTION pair breaking can be observed, the bandgap of
YBa 2 Cu 3O 7  is well above this range

The optoelectronic generation and coherent detection of (3.52 kT, = 6.7 THz). However, we will show that the
extremely short electrical pulses with bandwidths in subbandgap response of the Cooper pairs provides infor-
excess of several terahertz1 . 2 have made possible the mation about such important quantities as the coupling
study of materials and electronic transport phenomena in strength of the electron-electron interaction and the mag-
a previously hardly accessible region of the electro- netic penetration depth.
magnetic spectrum. These electrical pulses can be pro-
pagated in free space and collimated as well as focussed
like optical pulses using lenses and mirrors. 2 The

extremely high signal-to-noise ratio of the electrical Superconductors below the superconducting transition
pulses generated by the photoconductive dipole antennas temperature T, are characterized by the bandgap 2A, the
together with the phase sensitive detection scheme out- magnetic penetration depth X(T), a coherence length to
performs conventional Fourier-transform infrared spec- and the electron mean-free-path I. Whereas above the
trometers in the terahertz range by a large margin. Here, critical temperature T, the conductivity can be described
we use collimated terahertz radiation from photoconduc- by the Drude formula with frequency dependent effec-
tive dipoles to study the electronic response of the tive mass m* and momentum scattering time r*,6 the
Cooper pairs and of thermally excited quasiparticles in condensation of the Cooper pairs below T, introduces a
thin superconducting films. Historically, far-infrared stu- large imaginary component 0 2 of the conductivity. This
dies of superconductors have been a crucial factor for the imaginary part of the conductivity is intimately related
theoretical description of superconductivity and the with the condensation of the Cooper pairs and is in fact
agreement of these studies with BCS theory has been an immediate consequence of superconductivity. 7 Most

seen as a validity proof of the BCS theory. 3-5  important, the expression for the imaginary part of the

* Lincoln Laboratory work was conducted under the auspices of the Consortium for Superconducting Electronics with
full support by the Defense Advanced Research Projects Agency.
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conductivity can be derived from elementary sum rules between 300 K and 2 K. The spectrum of the radiation
and therefore is independent of the theoretical model for from the 100 pim antennas extends to roughly 1.2 THz
the superconductor: 7  with a peak at 600 GHz. I

a 2 = 2A/nwo (1) Figure 2 shows the time domain data for the 500A,
YBa 2 Cu 30 7 film for four temperatures just above and

Here A is the famous "missing area" in the normal-state below T. Besides the reduction in amplitude due to the
conductivity when the Cooper pairs condensate. 7 The increased reflectivity of the sample below the supercon-
missing area A is correlated with the coupling strength of ducting transition, the most apparent change is a phase
the superconducting pairs and it can be shown that shift below T, that increases with decreasing tempera-
A = it/2po X2 , where X is the magnetic penetration tures. This phase shift is the signature of the supercon-
depth. 7 In YBa 2 Cu 3 07, the Drude conductivity has ductor and is proportional to the imaginary (inductive)
almost its entire oscillator strength below the gap value component of the conductivity. For a thin conducting
2A, 8 in which case X acquires the full London value layer much thinner than the wavelength of the terahertz

L = (m"/one2)T.  radiation, the boundary conditions at the superconduct-
ing film can be solved quite easily and both real and

Dipole Antennas imaginary part of the conductivity can be extracted from
Sample the transmitted spectra:

E(o) - Y , E0 (w) (2)
Y, + a2,(W)

InEq. 2, Y, = IZo + 1/Z1 ,whereZo isthe impedance
of free space and Z 1 the impedance of the substrate, and
a, is the sheet conductivity in units of Q - 1 . E(w) is the
transmitted electric field and E0 ( o) is the field transmit-

Paraboloids ted through the substrate alone without the supercon-
ducting film. Solving Eq. 2 for y,(to), both the real and
the imaginary part of the conductivity are obtained. In

Fig. I Schematic of the time domain tcrahcrtz spec- Fig. 3 we plot the real part of the conductivity a, as a
trometer function of frequency with temperature as a parameter.

EXPERIMENTS 20

Figure l shows the experimental setup of our time- 110 K
domain terahertz spectrometer, which is similar to the
one described by van Exter et a12 with the addition of the 90 K
intermediate focusing optics used to focus the terahertz 0. 10
beam to a diffraction limited spot size at the location of 80 K
the sample. Terahcrtz radiation is generated by a 100 a 25 K
ptm half-wave dipole antenna on a radiation-damaged ,\
silicon-on-sapphire substrate.I The radiation is coupled o 0

into free space by a hyperhemisperical silicon substrate
lens. 9. 2 The full angle of the electro-magnetic radiation i-
is roughly 25'. This radiation cone is subsequently col-
limated to a 25 mm diameter beam by an off-axis para- -10-
boloidal mirror. This arrangement is repeated on the|_1 I I
detector side, where a second photoconductive dipole 0 5 10
serves as a receiver for the terahertz radiation. The
superconducting films are placed in a continuous-flow Time (ps)
cryostat equipped with 3-mm thick fused quartz win-
dows placed at the focus in the center of the setup. The Fig. 2 Time domain waveforms for 110 K (solid), 90
temperature in the cryostat can be continuously varied K (dotted), 80 K (dashed) and 25 K (solid).
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Fig. 3 Real part a of the conductivity. The open cir- Fig. 4 Imaginary part 02 of the conductivity. Open
cles show the experimental curves, the solid circles are experimental results, solid lines are
lines are fits to the ln(AIkT) dependence fits to or2 =l/)o.L 0

2.

expected from the BCS theory.

The graph includes the experimental data as well as At the lowest temperature, we derive )= 1600 A from
theoretical curves using the frequency dependence Fig. 4 with the aid of Eq. 1, a value for the magnetic
expected from the BCS theory: 10. i1 penetration depth that is close to the one measured by

YI 2A e AAT other techniques on thin superconducting YBa 2 Cu 3 0.

a,, kT (1 + eA/kT) 2 ln[q(T)A/ho], (3) films.

with

q(T) = 2.3kT/A + 6(kT/A) 3 . (4)

Above To, al/a, = I by definition, which is fulfilled
very well for our data above T. Below T , 0l initially MEASUREMENTS ON ,NIOBIUM
actually rises above a, and increases as (o -) 0. This
behavior is anticipated from the logarithmic divergence As a comparison, we also measure the terahertz
in Eq. (3). For 50 K, the magnitude of YI becomes transmission of superconducting niobium films above
smaller again due to the exponential freeze-out of the and below the transitign temperature. In Fig. 5, we
electrons. Although the fact that the conductivity is display results on 100 A thick niobium films deposited
highest at 70 K and exceeds the normal state conduc- on a sapphire substrate at Lincoln Laboratories.
tivity is predicted for pure BCS superconductors, 12 but As the the temperature is lowered below the transi-
is unexpected for YBa 2 Cu 3 07 with their smeared out tion temperature T, =6.25 K, the waveform changes its
density of states. shape significantly. Most important, unlike in

YBa 2 Cu 3 07 films, the transmitted signal below the
In Fig.4, we plot the imaginary part 02(0) of the transition temperature below T, is actually higher than

conductivity normalized to the normal-state conduc- in the normal state. Palmer and Tinkham 3 in their
tivity. Clearly, at the lowest temperature, a 2 shows the pioneering work on far-infrared transmission of ultrathin
1/w divergence predicted from the sum rule (Eq. 1). lead films have shown that this is a consequence of the
Even above T , a 2 is not zero because of the long ine- superconducting bandgap: at the frequency of the super-
lastic scattering times in YBa 2Cu 3 0., which lead to an conducting gap 2A, the transmission coefficient exhibits
appreciable imaginary part of the Drude conductivity, a peak and the ratio T,/T. exceeds unity.
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I anomalous or extremely dirty limit of superconductivity.
1 K In the London limit, which is applicable to

2 K YBa 2 Cu 3O7 , the full London value of ( 2 dominates

the transmission (and reflection), and no peak is
CD - ;observed, even if the bandwidth of the electrical pulses

was high enough to reach the superconducting bandgap.
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I I N TftOI) U CT ION laser systems. Highly repetitive ultrashort pulses can
Adding to the success of optoelectronics in fiber- be obtained from actively modelocked lasers successful-

optic transmission and optical recording, there still ly (4). Only disadvantage of this scheme is the fixed
remains a challenging peak of optical information repetition frequency which makes it somewhat difficult
processing. Introduction of optical technology in the to use it with digital circuits operating with an
field of information processing will be justified when independent clock source. Gain switched semiconductor
the intrinsic properties of optical media such as very lasers are the alternative options capable of arbitrary
fast response (1) and parallelism (2) are fully repetition, on which we have made several trials. Use
exploited. A series of fundamental researches have of multi-quantum well (NQW) lasers was found to be
been made along the line of all optical processing, favorable (5) for their high gain when they are driven
where replacement of all the electronic devices with to upper sub-level (n=2),though the carrier leakage at
optical devices should help getting rid of RC time high density excitation must be carefully treated for
constant constraints. This approach, however, turned optimization (6). Advantage of MW laser was also
out to be rather futuristic, in the sense that there demonstrated at 1.3 micron, achieving the pulse width
still remain too many premature components yet to be less than 4 ps (7). Various compression techniques are
developed before the total ultrafast pure optical also applicable to semiconductor laser pulses (8),(9).
signal processing system will be brought to reality. Recently we have examined the pulse shaping effect of
In comparison, a partial introduction of optical nonlinear gain in semiconductor laser amplifiers. The

technology into electronic integrated circuits sounds depletion of population inversion after the passage of
more realistic because a number of important peripheral large amplitude signal pulse leaves only low gain at
technologies so far developed in the past can be the tail part of the pulse, thus very effective to
utilized. This we call as optoelectronic processing, suppress the optical energy residing at the tail part.
One of the optoelectronic approaches is the realization This effect was demonstrated to be very much pronounced
of optically controlled optical switches where the when reflected wave amplifier (RWA) configuration was
device principle involves electronic processes. As the employed for a InGaAsP laser (10).
most successful example the self-electrooptic device
(SEED) utilizes the photovoltaic action to induce the III. V-RY SHORT ELECTRICAL
quantum confined Stark effect by optical addressing, PULSE GENERATION
thus giving rise to the switching of optical signal Photodiodes and fast photoconductors are useful as
( optically three terminal device). Leaving the optically triggered electrical switches.
description of SEED to the recent review (3), the Photoconductive switches with reduced recombination
present paper deals with our alternative approach where lifetime was used as the sampling gate by Auston (11).
EO and OE conversion devices will be assembled on a GaAs based integrated optoelectronic circuits were
hybrid circuit. Then some discussions on the implemented with optical triggering technique byl
inspection of GaAS IC by electrooptic sampling will Leonberger (12). The present author's group has been
follow, trying to use GaAs MS photodiodes as the very short

electrical pulse generator. Composite photodiode
I I. VE:RY SHORT OPT I CAL PULSE configuration as had been tried for 1nP by Hori et al.

GEN ERAT ION (13), was applied to high mobility GaAs homoepitaxial
The semiconductor laser is by far the most practical structure (14). Delayed optical pulse excitation was

light source for electronics in comparison with other used for the generation of electrical pulse less than

36
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30 ps wide with reasonably high efficiency. Excitation Typical results of photoelectric response are shown
of twin photodiodes which are connected to a pair of in Fig.3 (X = 1, Y = 0) and Fig.4 (X 1 1, Y = 1). For
transmission lines with different lengths was proven to the case of Fig.4 the positive partial current supplied
act similarly effective (15). by the voltage sources VI and V is compensated by the

negative partial current from V. thus giving rise to
I V. I N I F'G t(AI F'[) (W IOV 1. FIC-T O\ I C null output. Full width at half maximum was between 80

LOG I C and 100 ps. The clock frequency around 5 GHz should be
If an array of photoelectric switches with high speed feasible. One problem arising from connecting two

and efficiency and high speed are integrated to form a photodiodes in series such as in AND unit or in a part
logic unit with patterned optical address, there are of EOR unit is the pattern effect due to the charge up
possibilities of combining parallel and high speed process when only one photodiode was illuminated. To
features in optoelectronic digital processing. A new solve this shunt resistors were provided to individual
configuration of logic unit for "exclusive OR = EOR" photodiodes so that discharging process will become
was proposed and was implemented by a combination of faster. Shunt resistivity ranging 200 and 500 Ohm was
GdAs KSM photodiodes (Fig.1 and 2) (16). found to be effective.

. .. V 1

L L- -llIl-,l-

Fig.! Proposed exclusive OR composed of GaAs
NSM photodiode switches. Fig.3 Experimental result of EOR for X=1,Y=O input.

[PDPI 1lDl12-- = i - =
Vl Aa Ae.

V, V,

Fig.2 A part of mask pattern accomodating two pairs of
MSM photodiodes with trench isolation of closely
placed PD's. Fig.4 Experimental result of EOR for X:I,Y=l input.



38 Picosecond Electronics and Optoelectronics

Figure 5 shows a concept of hybrid construction of 4 Implementing the construction of Fig.5 requires some
bit full adder. It is assumed that 4 bit signals X and addition of new technologies. Important items to be
Y are encoded into dot pattern and duplicated by a lens solved are (1) power amplification of PD output by a
array, forming a pair of 8 dot images [X,YJ. The output booster transistor to drive LD, (2) high band width
current from each logic unit will be amplified by electrical connection of OELA and EOCA by non wire
integrated transistors and will drive the surface emit- bonding techniques, (3) electrooptic switching (B)S)
ting diode laser array. Then the output optical plate for the extraction of output signal pattern by
patterns are fed to the photoelectric logic units again rotating the axis of polarization. In Fig.6 another
with beam splitter arrangement. After some iterative projection is depicted where a monolithic assembly of
operation of OE and EO units, the output patterns Z = X surface emitting diode laser array and optoelectronic
+ Y will be extracted. logic array is assumed. Microoptic components are also

essential constituents for the assembly of this logic
unit(17). To be specific we have studied experimentally
close loop gain condition of PD-Transistor-LD (18).
We have designed and fabricated an MSM PD- single stage

OUTPUT SIGNAL 2DEGFET inverter combination (Fig.8) by the courtesy of

Z1 Z3 Z2 the Hitachi Central Research Laboratory GaAs integrated

I ALF MiioRR circuit group. Voltage gain of 6dB with 140ps pulse was
Sconfirmed. With some extrapolation of the potential

XD_ performance in lasers and transistors by referring to

X'- /_the recent reports, power budget diagram was drawn in

X - x _ Fig.8. PD Fo
OI'TO-ELECTRONIC

Yo c /LOGIC GA'I'L

A" A. A., A. l A- A A

V.V . .V . ELECTIlICAL 
bR

I) II AY LiCONNECTION

OPTICAL SIGNAL GENERIATORl

VP VD V r V d

Fig.5 Basic concept of hybrid configuration of T
Four bit full adder.

Fig.7 Circuit connection scheme of SN-PD = 2DEGFET
inverter.
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Fig.6 A projection of monolithically integrated opto- -1 ' ' (J I I Z.;-

electronic logic array (OELA) and electrooptic
converter array (EOCA). Fig.8 Power budget estimation of PD-Transitor-LD loop.
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Introduction Nonlinear Optical and Electrical Response Time

Excitonic electroabsorption has been used recently In the experiments, we use an infrared colliding
to detect ultrafast electrical transients in ultra-thin pulse modelocked dye laser producing 85 fs pulses at
quantum well coplanar striplines with time resolution 820 nm at 160 MHz repetition rate [41 with high
as fast at 180 fs [1]. The use of thin films of quantum frequency phase sensitive detection. The samples are
wells as both generator and detectorof electrical signals grown by molecular beam epitaxy, consisting of 0.4
with coplanar stripline interconnection results in several microns of quantum wells on a 0.35 micron AlGaAs
interesting capabilities. First, since the exciton exhibits stop-etch layer. A 10 micron gold coplanar stripline is
a sensitive saturation response with resonant excitation, patterned on the sample and the substrate is etched away
it can be used as an in-situ caibration of the excitation with a selective chemical etch, leaving a free-standing
and probing response functions. This nonlinear membrane of about I by 2 mm. First, the pump-probe
response is instantaneous, since it is based on excitonic response is measured with the beams overlapped
phase space filling [2]. Second, the exciton exhibits (Figure la). Then the pump beLm is focused into the
sensitive electroabsorption in either parallel (field stripline. With an applied bias voltage, the resulting
ioiiization mode) or perpendicular (quantum-confined carrier injection creates an electrical signal which
stark effect - field ionization inhibited mode) electric propagates in the coplanar stripline. The electrical
fields [3]. In the present case, we use the parallel field signal is measured by passing the probe beam through
effect because it easily adapts to high speed geometries the stripline further down the line (50 microns propa-
like the coplanar stripline (CPS). By focusing the probe gation distance in this case) and detecting the change in
beam to a 1 micron spot, we can make space and time absorption of the exciton which results from the
resolving electroabsorption measurements with 150 fs changing potential as the electrical signal passes by.
time resolution which provide information about the We find that the response time of this optoelectronic
microscopic internal electric fields. We can also technique is comparable to the pulsewidths in the
determine the static field profile at the generation and experiment, therefore we use a simple model to deter-
detection points. In the present papcr, we show several mine the total optoelectronic response time of the
examples of these points and demonstrate full 2-d circuit. We fit the signals using a simple three-level
space-time mappings of propagating femtosecond model with a single exponential rise and a single
electrical signals. exponential decay. First, the pump-probe signal is fit to
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the high frequency dielectric properties of such geom-1.0 etries [51 and further experiments show that a 300 fs
risetime electrical signal at 50 microns distance
broadens to only 500 fs after an additional 700 microns
of propagation. Also, the excitonic electroabsorption is
unlikely to limit the speed of detection in the present
experiments, as theory indicates a response time of 40

0.5 fs or so for the present conditions [6].

DC Electroabsorption Mapping
(a)

Exciton Pump-Probe In nearly all semiconductor devices with metal
contacts, the electric fields are non-uniform as a result
of the formation of depletion regions. In the present

0 case, proton-implanted quantum wells having very high
-400 0 400 800 1200 resistivity (> 107Q - cm) are used in order to avoid

ohmic dissipation under high bias fields. In addition,
1.0 dielectric dissipation for THz frequency components of

the propagating electrical signal is minimized in
0ofs . , semi-insulating materials. This material contains a

.0250 s range of defects from shallow to deep impurities. Upon
1. 150 fs the application of a DC bias, the impurities which are

ionized release carriers which migrate and are trapped
at deep level impurities, producing a space charge which

05 opposes the bias field. The DC electroabsorption gives
a measure of the internal field in such a device, as shown

(b) in Figure 2. This data was obtained by illuminating the
Propagating Signal

0
-400 0 400 800 1200

TIME DELAY (fs) -

Figure 1. (a) pump-probe excitonic saturation signal,
and fit to model, (b) propagating signal and fit to 150 22.5

fs rise function.

17.5
30 V

an instantaneous rise with a decay of a few ps by 12.5
adjusting the excitation function. A 200 fs FWHM ,..
excitation function is obtained. This accounts for the
pump and probe pulsewidths and for significant dis- 7.50 ,
persion in the acousto-optic modulator in the pump 0
beam. Then, the electrical signal (lb) is fit using rise l°V
functions of 50, 2.50

150 and 250 fs. The 150 fs rise function fits best. This 0 1 2 3 4 5 6 7 8 9 10 (a)
result indicates that the entire process of electrical pulse
generation by excitonic field ionization, propagation in
a thin film a distance of 50 microns on a coplanar
stripline, and detection by excitonic electroabsorption
is all accomplished with a 150 fs time constant. Further
experiments with higher time resolution are required to
determine the origin of this response time, but it is likely
that the generation mechanism is approaching a phys- Figure 2. DC electroabsorption mapping of a 10 micron
ical limit, as we discuss later. Dispersion in the thin film CPS at three different voltages. The lateral depletion
is not enough to explain this result. We have calculated length depends on the voltage.
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device uniformly with narrow-band CW light from a Space-Resolved Generation of Femtosecond
laser diode at the exciton peak wavelength and digi- Transients
tizing the transmitted image with a frame-grabber and
CCD camera [7]. Having a very low effective free The generation of fermtosecond electrical transients
electron concentration, the lateral depletion extends to in micron-scale structures is a very complex and
5-10 microns and depends on the bias voltage. This important problem. Many unresolved issues remain at
profile can be further modified by carrier injection and present. In particular, velocity overshoot effects [8]
space charge fields at high densities, but this represents have been reported in electro-optic sampling mea-
the low-density limit, surements [91, however alternative explanations have

been given involving space-charge effects, particularly
1-Dimensional Ferntosecond Mapping for the case of high excess initial carrier energy [ 10]. In

the present case, we excite carriers of zero excess energy
In the first experiment, the pump beam is f cused initially in the form of excitons therefore giving the

into the gap and generates an electrical transient, and maximum contribution to velocity overshoot. Secondly,
the probe beam is focused to a small spot (1-2 microns). using the spatial resolution of the excitonic electroab-
The probe beam is scanned through the device and the sorption, we characterize the DC field profile. This new
detected electrical signal is recorded (Figure 3). Such additional information
an experiment would seem trivial, since the propagating as well as carrier density-dependent studies may resolve
signal is a TE mode, and the detected signal should not the controversy about velocity overshoot - vs - space
depend on the position of the probe beam. The excitonic charge field relaxation effects. The field non-uniformity
electroabsorption detector has a bias-dependent detec- in the CPS should cause the shape of the generated
tion sensitivity 111, however, and in addition it is electrical signal to depend on the pump beam position,
important to show that overshoot effects are not due to since both velocity overshoot and space charge effects
a field relaxation at the detection point. Although the exhibit field-dependent dynamics. Figure 4 shows an
magnitude of the detected signal varies with position, experiment in which the photoconductivity overshoot
its shape does not. Therefore, the overshoot recorded in is space-resolved at high excitation density. We focus
the detected transient does not depend on the probe the pump beam to a small spot (about 2 microns
beam position. The amplitude of the detected signal diameter) and scan its position through the device while
follows generally the profiles which were measured by measuring the electrical signal with a probe beam 50
DC techniques (Figure 2).

DETECTED DETECTED
SIGNAL SIGNAL I

o 3015 f¢o/ / /- 2.

15
75 1.0

20 15 110 05 0 0 05

- TIME DELAY (ps)

Figure 3. 1-b spatially resolved electroabsorption in 10 Figure 4. Space-resolved generation of femtosecond
micron CPS. electrical signal.
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microns away. We find that when the pump beam is all the fields of the device. If the pump beam is focused
scanned across the stripline, the risetime and decay time to a spot size which is smaller than the scale of the field
of the electrical signal change. At one point, the signal non-uniformity (1-2 microns in the present case) the DC
rises rapidly and exhibits a large overshoot. When field is uniform across the generation region, but the
exciting in other regions, the signal rises more slowly excited density is high enough so that space charge
and exhibits less of an overshoot. This is shown more effects modify the dynamics of the carrier velocities.
clearly in Figure 5, which is a contour plot of the data Thus, low density large-spot size signals exhibit
in Figure 4. The point of maximum overshoot is clearly essentially density-independent signals which appear
shown. This picture does not exactly fit the DC field to be an indication of excitonic velocity overshoot, but
profile shown in Fig. 2 or the detected signal cross- they are field-averaged. Of course, the velocity over-
section shown in Fig. 3. Clearly, the static field profile shoot effect critically depends on the field, therefore
is modified by the presence of the pump beam, and we nonuniform fields smear out the effect substantially.
would expect the overshoot transient to contain strong
space-charge contributions. The excitation density is Ensemble Monte Carlo Modeling
above 1O'scm-3 for this case.

The essential difficulty with the understanding of We have simulated our experiments with a real-
these signals is summarized: when the pump beam is space Ensemble Monte Carlo (EMC) simulation of our
focused weakly so that it fills the device uniformly (a experiment. We include polar optical phonon
10 micron spot) each region of the device generates a scattering, electron-electron and electron-hole scatter-
different electrical signal with a different rise and decay ing and intervalley scattering with a nonuniform electric
time. The total displacement current is approximately field and nonuniform carrier injection in one dimension.
the sum of the individual current sources. The net result We take a field profile of 2x) = Ti-,7 I , where Xd

is an initial photocurrent transient which is averaged . I)

over is the depletion scale length, here taken to be 5 lt. We
2.0 use a very short (6 fs) excitation pulse with a corre-

sponding wide initial distribution around k=O to illus-
trate the initial current transient clearly. We assume for

1.5 - DETECTED simplicity that the field profile linearly decreases from

SIGNAL one side of the dev;ce to the other, and inject carriers

CONTOURS with a 2 micron gaussian spot. Fig. 6a shows the
S1.0- generated signals for two different pump beam positions1.0 and Fig. 6b shows the generated signal with uniform

excitation of the device. Clearly, non-uniform fields
W 0play a significant role in these experiments. We notetu 0.5-
o (that at fields of 40 kV/cm as in Fig. 6, even if a 6 fs

optical pulse is used to excite the device, the photo-
0current requires 100-200 fs to rise to its maximum value.
0 - This is simply limited by the effective mass of the

electron. Therefore, in the experiment shown in Fig. 1,

tMAXIMUM the 150 fs response time results most likely from the
-0.5 FIELD initial acceleration of charge.

I IIn the present case, our EMC model does not account
0 10 20 30 for space charge effects, and we obtain good qualitative

PUMP BEAM POSITION (Am) agreement with low density experiments. We are
extending our EMC modeling to include space-charge

Figure5. Time-space contours of data of Fig. 4 obtained effects as in [10] for conditions appropriate to our
by moving the focused pump beam through the CPS experiments with tightly focused pump beams at high
and recording the generated signal. densities.
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EMC Modelingx =2g
(a)

-x=8g

I-

' "

1 4 i i i i I

100 300 500 700 900

Tt=400 fs

(b)
Uniform excitation t= 660 fs

25

100 300 500 700 9000

Figure 6. (a) 1 -D EMC simulation of pulse generation
with linearly decreasing field across 10 micron CPS. A
2 micron pump beam is placed at two different positions.
(b) corresponding case of uniform excitation, showing
averaging effect.

0 50 100
One indication of the complexity of this problem is that Distance(p)
the generated signals in the small pump beam high-
density conditions does not simply follow the DC field
profile measured at low density. It is clear that at high
densities the injected carriers modify the field profile in
a complex, dynamical manner, as suggested in [10].
Screening processes are somewhat difficult to take into
account in EMC in a precise way, especially at high
densities. In any case, it is clear that excitonic velocity Figure 7. 2-dimensionally resolved propagating elec-
overshoot (velocity overshoot starting at k=O) plays a trical signal in 25 micron CPS. An open termination is
significant role in the initial transient, but at high encountered.
densities
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space charge effects also contribute. Nonuniform fields Acknowledgments
serve to further complicate the situation, however
excitonic effects of electroabsorption and saturation The authors would like to thank J. Shah, M.C. Nuss,
may provide key new information. In addition, the G.W. 'tHooft and D.A.B. Miller for stimulating dis-
picture of Fig. 5 should be excitation density and bias cussions regarding this work.
dependent.
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Propagation of Picosecond Electrical Pulses in GaAs for
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Abstract state-of-the-art to -40 GHz,[1] but also modal

dispersion of the microwave signal, radiation loss, free

We report on propagation of picosecond step pulses carrier absorption, and losses due to skin effect
over 10 millimeters with a GaAs-encapsulated absoptko.
transmission line. The effective dielectric constant The major source of dispersion, velocity mismatch,
matches the optical value to within 0.1%. can be practically eliminated by fully ei..apsulating the

transmission lines in a uniform GaAs medium.[21
GaAs possesses the unique property of having bulk

Introduction dielectric constants in the near infrared- and millimeter-
wave radiation regimes that are essentially equal.[3] If

A traveling-wave electro-optic modulator fabricated from the radiation fields for the optical and electrical signals
GaAs can, in principle, be fabricated having a are completely enclosed within GaAs, velocity
modulation bandwidth exceeding 500 GHz. To mismatch between the two will be eliminated.
approach such performance will require the elimination Encapsulating the transmission line also eliminates
of not only velocity mismatch, which now limits the frequency-dependent disperion and radiation otherwise

probe pump

GaAs
superstrate

gold electrodes Open-ended

coplanar lines

GaAs LITsO 5.0 MM

substrate crysta

Figure 1. Experimental setup
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present due to the dielectric mismatch. Losses switching and probing. Figure 1 depicts the
associated with skin effect, and free-carrier absorption experimental layout. The GaAs superstate was placed
can be effectively eliminated by lowering the at the end of the transmission line. The transmission
temperature. line was left open-ended in order to reflect the electrical

pulse.
Experiment The pump pulse excited an electrical signal on the

transmission line at the entrance point of the
To test these principles we have constructed a superstrate. The signal propagated in both directions

coplanar transmission line fully encapsulated in away from the point of excitation. The input pulse was
unintentionally-doped [001] GaAs by first reactive ion measured from the electrical signal that directly
etching 2800A-deep coplanar troughs into which 2800A propagated across the 0.5 mm air-superstrate region of
of gold was deposited. The top surface of the electrodes the transmission line. The output pulse propagated
is left flush with the surface of the substrate to within twice the length of the superstrate and then across the
200 A. The pair of electrodes are 20 ir wide and air-superstrate region before being measured. This
separated by 20 tun. The dc resistance/millimeter for technique is preferred over single-pass transmission
the electrodes is 4.9 f)/mm at 293 K and 0.8 L/mm at which requires the replacement of the probe
10 K. A second wafer of GaAs is then placed on top crystal/beam at a second location, leading to errors in
thereby fully enclosing the coplanar electrodes. the measurement of both the propagation delays (hence

The transmission line structure was placed in a effective dielectric constant) and waveforms. Reflection
cryogenic environment. The technique of external from an open end will nevertheless result in frequency-
electro-optic sampling [4] was used to characterize the dependent loss by capactively coupling energy to the
device. A balanced, colliding-pulse, mode-locked dye adjacent line. The results that we observe, therefore,
laser [51 producing 150-fs pulses was used for both represent conservative values.
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Figure 2. Pulse propagation on 20 lim GaAs-
encapulated transmission lines
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Results regrowing GaAs over the substrate forming a superstrate
that is an integral part of the device. Regrowth

Figures 2a and 2b show the results at 293 K and 10 K techniques are now being investigated for compatibility
respectively. The input for both temperatures is 1.3 ps. with various electrode structures and compositions.
The output at 293 K is found to have been strongly
attenuated and the risetime broadened to 3.0 ps. Both
effects are primarily due to skin effect attenuation by the Acknowledgments: This work is supported by U. S.
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discrepancy in input/output risetimes is partially due to 0214.
losses at the open-end of our transmission line and
possibly residual modal dispersion remaining from a
non-perfect interface. We note that this broadening
takes place over a total propagation time of 120 ps. References
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0.02). This value agrees remarkably well with the bulk
value of GaAs at 1.3 pim, 11.62 [1]. The difference in 3. E. D. Palik, 'Handbook of Optical Constants and
arrival times between electrical and optical pulses Solids', Academic Press Inc. p433, 1985.
propagating in this structure would amount to -500 fs
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This effective dielectric constant, however, deviates speed devices and integrated circuits', Electron. Lett.,
from the accepted value of 12.9 for bulk GaAs in the 23, 1308, (1987).
millimeter-wave regime.J6] Measurements were then
made using structures having 50 pm coplanar lines. S. J. A. Valdmanis and R. L. Fork, 'Design
The larger geometry should be less susceptibe to an considerations for a femtosecond pulse laser balancing
residual-air interface between the superstrate and self phase modulation, group velocity dispersion,
substrate. The dielectric constant for this larger saturable absorption and saturable gain', IEEE J.
electrode geometry was found to be 12.85, suggesting Quantum Electron., QE-22, 112, (1986).
that, indeed, a less-than-perfect interface exist. 6. M. N. Afsar, K. J. Button, 'Precise Millimeter-wave

measurements of complex refractive index, complex
Future work dielectric permittivity and loss tangent of GaAs, Si,

SiO 2 , A12 03, BeO, Macor, and Glass', IEEE Trans.
The results thus far are qualitatively revealing. To Microwave Theory Tech., MTT-38, 217, (1983).

fully assess the mechanisms responsible for dispersion
and attenuation we will begin performing scattering 7. M. Y. Frenkel, J. F. Whitaker, G. A. Mourou, J. A.
parameter measurements.[7] Also, the use of a Valdmanis, and P. M. Smith, '100-GHz electro-optic S-
mechanically-applied GaAs superstrate has served to parameter characterization of high electron mobility
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Abstract voltage. The fraction of bias voltage effectively
switched depends on the energy of the optical pulse.

We report on the generation of 850 V electrical pulses The rise time of the electrical signal is determined by
with 1.4 ps rise time and 4 ps Full-Width-at-Half- the duration of the optical pulse and by the switch
Maximum using pulse biased Low-Temperature-grown bandwidth, which is a function of the switch
GaAs photoconductive switch triggered by an amplified dimensions. The pulse duration is limited by the carrier
femtosecond dye laser. Dependence of the temporal lifetime. Ultimately the geometry of the switch
pulse shape on both the electric field and the optical determines the maximum possible bias and the
energy is observed and discussed. minimum rise time.

With conventional high resistivity GaAs or Si, the
electric field hold-off is around 104 V/cm. Therefore,

I. Introduction the small dimensions necessary for picosecond signal
generation would limit the applied voltage to few

In recent years many applications have emerged for hundred volts. However, Low-Temperature MBE-
high-voltage, high-speed switching. Using grown GaAs (LT-GaAs) has recently demonstrated
photoconductive techniques both kilovolt switching and extremely high resistivity and breakdown threshold [2].
picosecond pulse generation have been achieved. High- Furthermore, due to its subpicosecond carrier lifetime
voltage switching has been reported using high LT-GaAs satisfy the conditions for picosecond pulse
resistivity materials and high power lasers with large- generation. By using this material we have been able
dimension structures to achieve kilovolt switching. to apply a 1.3 kilovolt pulse bias to a 100 Jn switch
This resulted in pulses with duration down to 70 ps making possible the generation of picosecond high-
and rise time no less than 10 ps [1]. Conversely, high- voltage pulses.
speed bwitching has used short optical pulses with fast
recovery time materials, small dimension structures and II. Experimental configuration
low power lasers to achieve generation of
subpicosecond pulses with amplitude up to 6 V [2]. Efficient switching of kilovolt-level bias voltages
We successfully combined high-speed and high voltage requires an optical energy at the microjoule level, which
by pulse biasing a Low-Temperature GaAs necessitates the use of amplified laser pulses. Our laser
photoconductive switch triggered by submicrojoule (similar to that described in references 3 and 4) generates
level, 150 fs optical pulses. The following discussion microjoule pulses at 620 nm at a 2-kHz repetition rate,
reports on the generation of a 850 V pulse with 1.4 ps using a two-stage dye amplifier pumped by a frequency
rise time and 4 ps full-width-at-half-maximum, doubled Nd:YAG regenerative amplifier. The laser

The maximum bias voltage that can be applied to a pulse duration is 150 fs, ensuring that the picosecond
photoconductive switch is determined by the dimension electrical pulse generation and measurement are lot
accross which the bias is applied and the breakdown of limited by the optical pulse length.
the semiconductor material. The breakdown voltage A schematic diagram of the experimental
increases with material resistivity and separation of configuration is shown in Figure 1. Pulse biasing is
electrodes. Also, the material breakdown voltage may employed to prevent breakdown of the switch. Part of
be increased by limiting the duration of the bias the frequency doubled Nd:YAG regenerative amplifier
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80-ps 80-P4 1504fs 900-nJ
up to 1.3-kV

2-kV 
400-ps FWHM

Cr:GaAs Substrate LT-GaAs Substrate
Figure 1. schematic of the experimental set up.

output is used to illuminate a dc-biased 4-mm-long greater than 500 nJ we observe saturation of the
semi-insulating-GaAs switch. A 80 ip, 80 ps optical switching efficiency, defined as the ratio of switched
pulse at 532 nm generates an electrical pulse which has voltage to applied voltage as shown in Figure 3. While
an amplitude equal to 70% of the dc bias voltage and a the maximum switching efficiency is ideally 100 %,
full-width-at-half-maximum of 400 ps. This pulse then the 70 % experimentally measured can be explained by
biases a 90 0 coplanar stripline (100 gm wide gold a combination of factors including radiation, dispersion
conductors separated by 100 Vm) on a LT-GaAs and contact resistance. The negative precursor to the
substrate. As the bias pulse propagates along the pulse is attributed to the radiation from the dipole
transmission lines, a 150 fs optical pulse with energy formed at the generation site. The rise time, ultimately
up to 1 p. illuminates the area between the conductors. limited by the 100 pgm transmission line dimensions,
This forms a plasma within the LT-GaAs which shorts reveals a clear dependence on the carrier density. As
the conductors together. This technique of switching, illustrated in Figure 4, we observe a degradation from
known as "sliding contact", in principle, allows total 1.1 ps to 1.5 ps over the range of optical energy from
switching of the applied bias voltage [5]. The resulting 100 to 900 nJ. This corresponds to the saturation of
electrical waveform is schematically shown in Figure 1. the slew rate. However, as shown in Figure 5, the rise
External electro-optic sampling [6] in a LiTaO3 crystal time appears to be independent of the electric field. The
with 150 fs, 100 pJ pulses is used to measure the relation of the rise time to the carrier density and the
signal 300 pim from the switch site. Waveforms are electric field is still not well understood. Explanations
recorded for different settings of bias voltage and involving saturation of the current density and strong
illuminating energy. For convenience, the picosecond carrier scattering are presently under investigation.
electrical waveforms are then extracted and displayed in While a subpicosecond fall time is expected from
a more conventional format. previous measurements of LT-GaAs carrier lifetime (71,

this experiment reveals a much longer recovery time.
II. Results This tail increases as we increase either the carrier

density or the applied electric field (Fig 4 and 5).
Figure 2 shows a 850 V pulse with duration of 4 ps and Significant local heating due to the extremely high
rise time of 1.4 ps. For incident optical energies current densities (up to 107 A/cm2 ) drawn through the

1000 ' l ' * I ' ' * I ' ' * I
100 *-* - ,,, * --/ *

800
__ 80

600

-,60
S400

S200 ~40

0 20

-200 1 1 10 2 4 6 3 10 0,
time (ps) 0 200 400 600 800 1000

Figure 2. waveform showing an 850 V, 1.4 ps rise Optical Energy (WJ)
time and 4.0 ps duration pulse switched from a 1.3 kV Figure 3. switching efficiency as a function of optical
bias with an optical energy of 900 nJ. energy for an electric field of 100 kVcm.
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1.2 ''' picosecond time scale [9). As the pump energy
"900 n increases the carrier density in the central valley rises.

1 -500 W Consequently, the probability for an electron to scatter

0.8 . 300 nJ back into the central valley decreases. As the carriers
- 100 nlJ still in the high mobility valley recombine within few

<0.6 hundred fentoseconds, the probability to transfer back
0.6 from the satellite valleys increases with time. The

.u 0.4 satellite valleys can then be seen as sources reinjecting
hot electrons into the central valley at a rate dependent

0 0.2 on the electric field and the carrier density.
z

0 IV. Summary

-0.2 In conclusion, we report on the application of LT-
0 2 4 6grown GaAs for photoconductive switching using a
time (ps) pulse bias technique leading to the generation of a 850

Figure 4. pulse shape as a function of optical energy for V pulse with 1.4 ps rise time and duration of 4 ps.
an electric field of 100 kV/cm. This represents the highest voltage ever obtained in the

single-picosecond time scale. This new capability to
1.2 ' * I I * ' ' I * produce ultrashort high peak power pulses could be of

1100 Vlt interest for applications in fields such as millimeter-
wave non linear spectroscopy, radar signal generation,

08- 600 volt source for linear accelerator of particles and ultrafast
0.8 - 1 200volt instrumentation. Future work will include

< 0.6 spectroscopic studies to determine the carrier dynamics
and populations during the switching process.
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Abstract t ipie beamx reflect~ins fromt top (fronlt) and~ bot-

A lgllx scinsitivc tl'chlni(jll for 2-dIiiensional toin (back) surface of the GaAs sulbstrate had nlot
electric field ([('tI'tloll Ili a GaAs illi(Tostlip l) - be'(n accounlt( for. Since the indel(x of refraction of
culit has 1)1511 (levlo(11c5 using (']l5t ro-opt ic ( E-0)) GaAs is large. at sul st ant jul amnounlt of light is re-
senising. With ill. isnthodl. thle interference effect flected at the top surlface, as well as at the bot toni

Ii the E-0 siililliiig I eclijlle has 1])('il stit~i('(ld. surface. thlirefore. th lie t(rfereiice effect ca~ii not

be lleglect(l. Tis is esp 'cia ly impljortanit, whenl

Initrod uction the laser plilsI (hirat ion is longer thani tilt' op)t il

Elc'(trIl-I Jt ic sa~ililig is a 11514111 techiiiijle plse' romoiI-tipl t inie Ii the GaAs sull.-Jra te.

to inuas Ire th le ct ric fic] 'Ii a GaAs inucrost lij Ini this p~apelr. ill', iiit('lf('ie' e'ffect onl
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lttion Iil twoVI (Ilii IiIs (2- D). 2- D field (list ri- trip transit -t ilie thlrouigh ill', sil 1st ratl'. Fit her-

WX. Doiialds oii 1 11'lfolell'l a tini o' l'sIve'( 2-D Inca- caulsinig (iiff(iniltic'5 IIl ('ali-atillg ill(' alliljlitll(l(' of

ilig light liltercd with ill'('ll(ti fieldI thil t1- culit illl'(Illicl'lelit.
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ily adjusted Lo optinuze the( systein lerforiiiaiice.
The results are displayed by a comlputer through
ani anialog to (lig~fal converter.

AID The laser used was a niode locked Nd:YLF
laser with a pulse width of 30 picoseconds. The

shr aser p~ulses with duiratin of 3 to 5 picosec-
onid were gerterate(I Iy using a fiber pulse corn-

Spe trm Analyzer Amplifier pressin techniique.

Light Fig. 2 displays the details of the beamr scanl-
000 Beamner. A light wevght :iiirror attached to the nieedle

00 Photo 'axis of a galvainonmeter is located at focal lenigth of000 -4 J~etcto, the lenis anid scans the inicoing b~eam. This lens
EG &G I arranlgeinent keeps nornial lincidenice onl the sur-

face of GaAs substrate, arid also focuses the lbearn

Micrwavebew ~at the b~ack surface of the substrate. The reflected

Oscilator eaili follows the saine trace b~ut in opposOite (lirec-
tiori.

GaAs '41 11 rnlto ae
Microstrip Line

Figure 1. The .,tchcumatic of 2-dimnvioi, l field
mapp ng sy4rm

t-chnque to phas~e lock the( microwave to the laser hicrostrip

p~lstes [11. Wie 1resenlt at this mieeting a new mii-
crowave phase lockling technque which canl phase
lock ani integratedl voltage controlled oscillator [3].
The( experinital setup for 2-D field mapping is Tpve
shiownm in Fig. 1.

The frequency of ti( he icrowave signal applied 7
to the( GaAs circuit is set to fit the following for-
nlitia:

where f.., and1 ft1 are t he nicrowave frequency amid ,
the( la.ser repetition frequency respectively, and N LL
is an integer. The microwave signal mlixes with onle
of the liharmmn )nics of th lilser repetition frequency
and~ produices an Iintermiedia te frequtency flh-. IIn L = focal length
het( present c-ase. fp, is 10 NlHz. well abov e ie(

laser intensity inoise band which is below 1 NIHz. Figure 2. The deaii of the bcam. .canncr.
This met In x is very sinmple. linexpeisive anld does
tiot reqluire tie( mnodiulat ion of eit her the( microwave Interfere nce effect
or tie( light Ibeam. The( seinsit ivity inl this sytemm is III a previouis repo rt . wve p~resented the( inter-
basically limiitedl by thle shot noise anid ot her noises ference effect associated with ite E-0( samiplinig inI
associaewi Iiteho ltct.Tis.tisss GaAs microit rills [4]. Since the( inidex of re-frae-

tein has ve(ry gN- mi Ivtv For Lim poJhot oCir- t ion of GaAs is high ( 3.5?. a sublstanial flhi(nint
renit at tie( pho t( idet(et or YAG 100. a senliit ivitv of light (30 percenit eniergy for imormimal icd e
of l78//l / vrfi- has- been i easuired. The( spect runm is, reflected at tie( t op surface of Ga As and Intel-
analyzer is u sed ti provide anl adjustable narrow feres with thlit reflected fronti the( bot toi suirface.
banid a iipifier (13WV 10 I*J z inl t his experrilmnt ) Thel( interferenice effcet is signiificanit p~rovided thlat
andl an AC to DC cohivcrter. Its center frequency. the lahser p~il,,( (Iurat ion used for E-0) sailiplimig
haiidwiihI. Lgaiu amnd video filler can all be enis- is longer tOwni or compiiarabile to thli light pulse(
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round-tri) tinue in the GaAs substrate. Because
of the interference effect, the magnitude of the E-
O signal strongly depends oil the local substrate 60

thickness and the calibration of the sampled mi- 40

crowave amplitude is very difficult.

Fig. 3 shows the mecasurement of 2-D field dis- 20

tribution in a GaAs iicrostrip line with short laser
pulse (luration (3 to 5 picose('-onds). The frequency
of the RF signal applied to the microstrip line is
142 MHz and its am)litu(e is 1 ,.. The mea-
surenlent shown in Fig. 3 was completed in five
mintes. Since the laser pulse width is shorter
than the round trip time of light pulses through
the substrate (7 J)S. corresponding to 0.3 mn
thickness). the interference effect does not occur.
The in asured result truly relresents the electric
field (list ributi ion in the device under test.

dtb

30 Figure 4. Field mapping of a microstrip line with

20 long laser pulses (50 pS) showing strong interfer-
ence effect.

1 -0 05mm/dv c-0.4mm/dlv

Gold coated ground plate

I (a) (:))

Figure 5. Mnltirefleon in GaAs microstrip line
Figure' 3. Fal'd mIzppznu; of a iro*ipline uith substratc. (a) General case. r,: electric field of the
.,hr ia.,,r p .,,., (,.¢-5 pS) .boawzng no intrcrfirrence i/h reflected beam. (b) Only the two first reflected

(,ff('( t, beams are considered. (3q 0.8)

Fig. 4 (displays a typicald result of field map-
p~ing4 of the same sample with a laser pulse dura-tion ( 30 ps) longer than the light pulse round trip gerated. The calculation is carried out for nornal

time iin thle substrate ( 7 ps). The measured field incidence on the sample and assuming that all the
distribution across the microstrip line should be light is collected by the photodetector.
.;iunilar to that in Fig. 3. Instead. Fig. 4 shows the

aldi tioutal drops (valleys) in the field distribution The to)tal retie',: ion coefficient for the multiplecor,. la( by the jit erference effect. This raises the lieani interfe'rence in the GaAs is given by:
inglE of the (lifmculty to calibratse accurately the
an pitsnle n Of the field distribution. Rotat= rr + r2 + rc l + •a.r•e+ r + •o''

The i terferenc effect can be explained by
le hlh wing dlescript ini= R- TIT 2lin + Rb-ih1T. icl'e - TTor.

Multireflection effect
The mltiple-beam interference effect is ± t. +(-1)" R I iT2 e"'

shown iin Fig. 5(a) The actual incident beam is
almost normal to ile surface of GaAs substrate, TT 2c1
hut for clarity of drawing. the angle hsn been exag- = 12- + R2 ' +
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Where R, is the suirface reflection coefficient, when &Z,

the inlcidenlt lbeai is dIirectedl from air towards the

GaAs; anid R-2 is the sur-face reflection coefficient,
when the incident beami is directedl from GaAs to-
wardls air. Ti, T-2 are the corresponding suirface
transmnission coefficients. qure aeY

It is very important to unilerstandl that thle PATErwv

interference effect wvill resilt in a mnodulation of microstrip

light intensity at the dletector only if the b~ack re- MFO atlln

flected beam suiffers some loss. Calcualation mndi-%

cates that, for it lossless system, the an 1 )litude of %%
total reflection coefficient is a constant and thiere-
is no iiiteiference.( But the iplias- " fn !)Q Ciangeol.) ,

For the 1ossy' case, if 3 ( a), where a is
the loss factor (for lossless case 3= 1 ), then OALEGls

DETEC70R substrate

Ri.i=R 1 I T, T-2 , 1(' + R 2 TI T2 1,3
2 C2 ',0 Figuire 6. The convensional detection schemne u-

T, T2 WOing a polarizer and circualarly polarized light beam.

= 1+ R 2 3c'O In the samne report [4], we also p)oiinted ot

'7Ii( imultiple-beami interference results for that E-() signal canl be detected without uinlg anl

any iincidleint po.'larizationi. analyzing lpolarizel. This is realizedl by ntilizing

when '1 R, tecase crepnsttiethe miodullation of interference genierated by inull-

stndr Fer-ro iterfrecore.l st h tiple beaml reflection in the GaAs substrate. It is

The calcilat ion of reflection coefficients shows also sensitive to the variation of sulbstrate thick-

that a very good approximation coiisists in coilsid- ness. The calcuilated E-0 signal is given by:

ering only the two first reflections with equial atn- AI E ELA sino ros20

Ilitii(le ( E,,/ V'2). One( is reflected fromn the front0

(top)) suirface andl the other is reflected fromn tlic
back (bot ton) suirface as illustrated in Fig. 5(b).

In this case. the dlep~end~ence of the mneasulred
E-0 signal oil the local stibst rate thickness appears
in the following expression of the mnodulation of
light intensitY ap~plied to Umie photodetector (AI)
for conventioi~al E-0 sampling:....I

AI = IL%6 co40/2) .;1.n(2(0' -0/)....

whefre I(, is tile inpult laser Iiiteiisity, Or is the an-
ayIg )larizer orientation relative to the GaAs

crystal axis [011]. Ad, = 27rV/ U, is lpliase iniodu-

lation lpro(lhicedl by the applliedl microwave volt age
1'. For GaAs, V, is about 10 kV. 0 is tile round......
trip phase delay in GaAs substrate, which in turn
is proportionial to the local thickness of the suib- ....

strate.

Fig. 6 is the schiemiatic of thle detection for
coliventioiial E-0( samplling. andl Fig. 7 displays the
relation of E- 0 signal versuls polarizer orientation

01. theory taking reflection from front surface
of microshnp into acount

LI2 wr 20 O*.)4f(

The effect of cosq( /2) can beC observedl iii the - experiment sa dutal aeno

xieastirenieit sihowin iii Fig. 4. Calciilationi indi-
cates that a simiall thickness change of 750A can Figuire 7. E- 0 signal ners.47. polarizer orientation

causer t let E- 0) signal to change fromn its miaxiiii (detection with a polarizcr, including interference

to zero. effec rt).
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z

half wave plate%

microstrip :
line 1-Z

DETECTOR GaAs
substrate

theory 2l ao 2 sin( 0 cos( 20

Figuire 8. The new) schemec using linearly light experiment * is an adjustable parameter)

becami withou a uing polarizer.

Figuire 9. E- 0 41gnal 11cr.4as polarization angle of
incident light (detcizon without polarzrj.

where 0 Is the incidJent polarization angle relative
to tHe GaAs crystal axis [011]. which canil be varied characterization and~ canil only be ob~tinedl if oine
b~y uising a hialf-wave pla~te. Uses a laser pule dration shiorter thanl the opti-

Fig. 8 is the letection schemile for this mietho(l. cal roiino trip) tuine (for b1= 200pi. 7 = dp)S) Of
atn(l Fig. 9 is relat ioniship of E-() signal versuis ill meifasuredl sub)strate,.
ci(Ielit plolarizat ion angle.
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Modeling of an Electro-Optically Probed
Photoconductive Switching Experiment

K. M. Connolly, R. 0. Grondin, S. N. El-Ghazaly, and
R. P. Joddi

Center for Solid State Electronics Research, Arizona State University,
Tempe, Arizona 85287-6206

Abstract The output of these experiments is a polarization
shift versus time. A calibration step is done before the

A modeling approach for optical probing of ultrafast transient experiment in order to relate a DC bias to a
switches is presented. The model couples a Monte- polarization shift of the probe beam. This is done by
Carlo solution with Maxwell's equations to make as biasing one side of the switch with a known range of
few assumptions as possible. DC voltages and measuring the resulting polarization

shifts. The transient experiment is conducted and the
polarization shift data recorded. The data is then

Introduction converted to a voltage, normalized to the bias voltage,
and plotted versus time. This method assumes that the

Advances in photoconductive switching and electro- DC bias measurement of the polarization shift can be
optic sampling make it possible to generate electrical related to the transient measurement.
waveforms with subpicosecond risetimes and detect To properly model such an experiment the high
submillivolt changes in the created line voltages [1-21. frequencies and large switching fields must be
A typical test circuit is shown in Fig. 1. The structure considered. Circuit models have questionable accuracy
consists of a photoconductive switch and coplanar due to the high frequencies involved in the switch.
microstrip fabricated on a GaAs substrate. The switch Semiconductor models cannot ignore the relatively
is turned on by illuminating the gap with a laser pulse large switching fields associated with the injection and
(called the pump beam) to generate electron-hole pairs. motion of free carriers. Moreover, electromagnetic
The electrons and holes then move according to the models are complicated by the higher order modes
fields created by the bias voltage applied to one side of excited along the microstrips. In this paper, we shall
the switch, and induce a propagating wave on the describe how one can improve the modeling of such
microstrip structure. problems by embedding a bipolar ensemble Monte-

Experimentally measuring the induced electrical Carlo (EMC) model of a photoconductive gap into a
waveforms can be achieved by using reflection-mode time-domain solution of Maxwell's equations for the
electro-optic sampling. This is done by placing an field structures present on the line.
electro-optic sampling crystal, LiTaO3, which has been
coated on the side adjacent to the circuit with a high Theoretical Approach
reflection dielectric coating over the photoconductive
switch structure. A small hole has been etched in the To simulate the carrier transport in the semiconductor
LiTaO3 to allow the pump beam to enter the gap. substrate, we use a bipolar EMC model. EMC
When the electric signal propagates along the simulations keep track of several thousand
microstrip some of the field lines above the microstrip representative particles by following their trajectories
penetrate into the sampling crystal and induce a small through the system. The particles are accelerated by
amount of transient birefringence. A probe beam is fields, and the various individual scattering
focussed a short distance from the gap. The probe mechanisms are statistically simulated in order to
beam passes through the region of induced model energy flow. The model used is based upon a
birefringence and is reflected back out to a detector. three valley electron and three band hole model for the
The induced birefringence is detected as a polarization GaAs substrate with all relevant carrier-phonon and
shift of the probe beam. The probe beam was optically carrier-carrier scattering mechanisms included. The
biased to insure that the detected polarization change electrodynamic forces influencing the carriers are
was a linear function of the electric field [3-4]. considered through a complete model of Lorentz forces

59
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which include the time evolving electric and magnetic fields appear in the EMC transport model as forcing
fields. These fields, which depend upon the local functions. The EMC model therefore, takes an average
charge imbalance and the related currents, are self- value of the fields over a cell in its volume and uses
consistently calculated in each time step by the the that information to calculate carrier velocity and
electromagnetic model [5]. position, and also to trace the the carriers crossing the

Creation of the electron-hole pairs is simulated by borders of each cell. The current density obtained is
adding particles according to the line shape of the laser then transformed to properly interact with the
pulse, which can be approximated by a hyperbolic electromagnetic model.
secant for several laser types of interest. Since the As was previously mentioned it is desirable to
pump pulse is incident upon the surface of the GaAs in simulate the probe beam as it propagates through the
the microstrip gap, the carrier photogeneration electro-optic sampling crystal. The probe beam is
monotonically decreases with depth. This stepped through the boxes of the TD-FD algorithm
inhomogeneity is introduced into the EMC by setting along its path. Thus at each time step of the simulation
up an initial carrier profile, N(x), as a decaying the magnitude of the fields seen by the probe beam is
exponential. Carrier position xn for the nth carrier is summed. When the probe beam leaves the crystal the
assigned using the above weighted distribution, and fields summed after reflection from the high reflection

igando nus ers dielectric coating are subtracted from the fields
picking random numbers rn as : summed before the reflection due to the change in

propagation direction. This provides us with data
In ( 1 - rn [ 1 - e-a td similar to the polarization versus time results obtained

Xn = from experimental data. The data must also be
(X transformed from a summation of the fields to a bias

voltages. This can be accomplished by first changing

with (x being the absorption coefficient, and d the the summation of the fields to a DC voltage and then
depth of the simulation 151. normalizing by the bias voltage. A simpler method is

A time domain finite difference (TD-FD) solution of to simply dividing the transient data by the DC field
Maxwell's equations is used to model the summation, since the field summation is linearly
electromagnetic fields in the switch. The TD-FD related to the bias voltage.
algorthm is implemented by filling the three
dimersional space with a special arrangement of spatial R&suLs
noda points called Yee's mesh. In Yee's mesh the
compjnents of E and H are arranged in such a way This technique is used to simulate the photoconductive
that 'ach component of H can be obtained by the loop switch, shown in Fig. 1. The values used in our
inteprl of E using the four surrounding E nodal simulations are as follows. The thickness of the GaAs,
value according to Maxwell's curl equation for E. Dx, is lOam. The width of each strip, Ws, is 10tm
Simi, trly. the components of E can be obtained by the and the separation between them, Wg, is 1lm. The
loop ntegral of H over the four surrounding H nodal microstrip gap length , Lg, is 10l.tm and the bias is 10
value,. In addition to offsetting the location of E and volts. The overall structure has dimensions
H in .;pace, they are also offset in time by half a time Lx = 151.tm, Ly = 36ltm, and Lz = 30ltm and is
step This allows the values of E to be calculated at discretized using a three dimensional mesh with a
time equal to nAt, and then the values of H to be uniform grid spacing of 0.51gm. A time step of 5e-17s

calc, ated at time (n+I4)At. thus the solution progresses is used to remain below the Courant stability limit [6].

in a •apfrog manner 16).
Si, ce computers have limited memory capabilities,

the eitire device cannot be simulated. To compensate
for 0 is, absorbing boundary conditions are used to
trun.,Ate the simulation mesh. Ideally, absorbing
boun, ary conditions allow .vaves to vropagate through y

the mesh boundaries without reflection, thus giving the
imprezsion of simulating an infinitely large structure.
Mur's first order approximation which completely ,
absorbs waves at normal incidence, but reflects small
portions of waves with incident at other angles, is used
171.

Coupling the EMC model with the solution to
Maxwell's equations is accomplished through T
transformations of the information between the two L, G,

models. This is necessary because the EMC is only T
simulated over a portion of the structure (the gap)
while Maxwell's equations are solved over the entire
device. The carriers appear in Maxwell's equations as L V
sources of electromagnetic fields, and electromagnetic Figure 1. Dimensions of simulated structure.
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A laser pulse of energy 1.55 eV and 30 fs (FWHM)
duration is applied to the gap, generating a carrier
concentration of 5x10 15 cm-3.

Shown in Figs. 2 through 5 are normalized plots of
the X and Z components of the total field located just
below the GaAs/LiTaO3 interface. Figs. 2 and 4 show
the field components at time t = 0. 1 ps. These plots
show the large bias fields, but the effect of the mobile
carriers is not yet seen. This is because the carriers,
which were introduced at time t = 0, have not had
enough time to move and thus no noticeable AC field
were created. On the other hand, Figs. 3 and 5 show
the field components at t = 2.0 ps. In these plots, the
effects of the mobile carriers can be seen with the most
noticeable changes occurring in the microstrip gap.

Figure 5. Z component of the electric field at t=2.Ops.

Next, the distribution of electrons and holes in the
microstrip gap are shown in Figs. 6 through 9. These
distributions represent the carriers in the GaAs just
below the interface. The distributions at time t--. 1 ps
are somewhat random, again this is expected due to the
fact that the carriers lacked enough time to move. But
by time t=2.0 ps some motion can be detected in the
electron distribution with the electrons moving towards
the positively biased electrode as expected. On the
oth-r hand, no noticeable change can be seen in the
hole distribution due to the lower mobility of the holes.

Figure 2. X component of the electric field at t--O. lps.

Figure 3. X component of the electric field at Figure 6. Electron distribution in the gap at t--O. I ps.

t=2.0 ps.

Figure 4. Z component of the electric field at t--O. I ps. Figure 7. Electron distribution in the gap at t=2.0 ps.
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Figure 11. Normali.zd voltage versus time.

Fig. 8. Hole distribution in the gap at t=0.1 ps. The probe beam travels at a 450 angle through theLiTaO 3 and is reflected at the probe point, which is

centered between the two microstrips in the Y direction
and next to the positively biased electrode in the Z
direction. The probe point is then moved across the
gap and positioned next to the grounded strip. The
sampled voltage is depicted in Fig. 12.
The switching voltage patterns shown in Figs. I 1 and
12 are analogous to the experimental results presented
in [4-51.

1.001 I I I I 1t

1.0015-

I " . .......... ........ -

049995............

Figure 9. Hole distribution in the gap at t=2.0 ps. ! 0.999 .

0.9985 ...... .... .. ....The average electron velocity in the z direction is
plotted in Fig. 10. The electron velocity plot shows the 0.998 ......... . ...... .....

overshoot expected when carriers are introduced to
high fields and then decay towards the steady state -0.2 0 0 0 0 . 1value. -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

Tune (ps)

The fields seen by the probe beam as it propagates
through the LiTaO3 are modelled and shown in Fig. Figure 12. Normalized voltage versus time.
11.

We have presented a new method for modeling
5 10

7  photoconductive switches and directly comparing with
1 07o' experimental results. This model couples a three

dimensional solution of Maxwell's equations in the2 510'

time domain with a bipolar Ensemble Monte-Carlo
A 2010> model. This new model avoids oversimplifying

1 1assumptions, provides a method for obtaining the
spatial and temporal evolution of carrier flow and' I 0 10 7 .. . . .......... ............ . . . . ............. .. . . .. .............

electromagnetic wave propagation, and presents
500 . .information on the probe pulse that can be used to

0 _ _ _ verify experimental results.
0 05 I 15 2

ime (PS) *R. Joshi is at the Department of Electrical
Engineering Old Dominion University, Norfolk,

Figure 10. Average electron velocity in the z direction. Virginia 23529.
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The noise in Electro-Optic (E-O) sampling are monitoring of the measuring points(l,21,
system is examined and is proved to be which makes measurement reliable, and
mainly due to wavelength dependence on the measuring of non-chopped electric signals[2]
modulation. Then, we propose a structurally by changing the timing of the strobe pulses,
new E-O probe for noise reduction. Use of a which is essential for practical use.
new E-O probe having a spontaneous Next, we discuss improvements in the
birefringence compensation crystal reduces minimum detectability, including the
the noise and resulted in a 6 fold analysis of noise sources in the E-0
improvement in minimum detectability, sampling system.
Finally, We have achieved a minimum Then, we propose, for the first time. a
detectable voltage of 7 mV/J-Hz with 32 ps structurally new probe which compensates for
time resolution at d 0 0. the output signal intensity fluctuation due

to the tehporal fluctuation of the spectra
of the strobe pulses. We have improved the

1. Introduction minimum detectability about 6 fold using the
new probe.

E-O sampling is a useful technique for
measuring high speed electrical waveforms at
internal nodes in fast Integrated Circuits
(ICs). For practical applications on the Operating Principle
measurement mentioned above, we proposed,
for the first time in 1989(1], E-O sampling The systematic diagram of the E-O sampling
using a longitudinal probe and laser diode system using a longitudinal probe and an LD
(LD) pulses. This method has many is shown in Fig.l. The LD generates highly
advantages. For practical measurements,
longitudinal probing is essential, because Strobe Pises d k_
it measures electric fields just above the i ea ior I
conductor. The laser diode pulser is more Litlit Sce T t
compact, convenient and reliable than dye Polarizer i ._obe r

lasers, and this makes the instrument much
easier to handle. Moreover the strobe
pulses can be easily synchronized with the P Cirt.it

clock signal of the Device Under Test (DUT),
and its timing can also be easily changed Csrle esraa ipa
electrically. This makes possible the
measurement of electrical signals without
their chopping.

In the present paper, firstly we make an
overview of the system, including two Figurel. Systematic diagram of the E-O
advanced techniques developed making use of sampling system using a longitudinal
advantages of the proposed method. These probe and a laser diode.
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repetitive picosecond pulses synchronized strobe laser pulses. Incident laser pulses
with the electrical signal to be measured. into the crystal are reflected back to the
These picosecond pulses are guided to the dichroic mirror by the dielectric coating on
E-O probe and used as strobe pulses for E-O the crystal facet. Most of reflected laser
sampling, and reflected back at the end pulses are reflected again by the dichroic
facet of the probe tip. The DUT is placed mirror and are detected.
in front of the probe tip at the distance; Small amounts of the laser pulses from
d. The polarization of the strobe pulses the E-O crystal are passed through the
are modulated in the E-O crystal of the dichroic mirror to a CCD camera (Hamamatsu;
probe due to the longitudinal electric field C3077). Then we can see the image of the
corresponding to the voltage to be measured. measuring point which is superimposed on the

The reflected strobe pulses are detected structural image of the DUT on the monitor.
by the photodetector after passing through This setup makes critical and fine
an analyzer. Theh, we can know the voltage adjustment of the measurement point easier.
to be measured. The entire voltage waveform The image can be printed out by a video
is measured by changing the timing of the printer. Fig.3 shows an example of the
strobe pulses. The temporal resolution of monitor image, where the measuring point and
the system almost corresponds to the the IC pattern can be seen clearly. The
duration of the strobe pulses. As we use measuring point is indicated by a brighter
the LD, the timing shift of the strobe spot in the figure. The brighter spot is
pulses is easily performed electrically, already on which we want to make a measure-

ment. This is a big merit of using the
Monitoring of The Measuring Point[l,2] longitudinal E-O probe.

It is essential to monitor the measuring Measurement without Chopping The Electrical
point for practical use. Fig.2 shows the Signals[2
monitoring method. A microscope (Olympus;
BHM) has been modified for this purpose. To detect small changes of the strobe pulse
The DUT is illuminated by visible light intensity, the electric signal to be
reflected by a half mirror. A dichroic measured has until now been switched on and
mirror is used as a reflection means for the off (chopped), and the corresponding signal

is lock-in detected. This presents, howev-

S,,.b. Pg,.. er, a serious problem for practical use.

Y The chopping operation scheme is complicated
Z Hob L... ".,, ...... i.. and distortion of the signal to be measured

------ ... ,may occur in the chopping device. To solve
---------- ~' 1 m,,-. - these problems, we have invented a new

e- -P . ,i. IAWrw P l . method.

Device ... ,h Tool
L  

Vi" The operating principle is schematically
Visle Light shown in Fig.4. The timings of the strobe

pulses are switched at points a and b
Figure2. Configuration to monitor the
measuring point on the device under V

D

E
CI

I

c d- e

Several kHz

10 OMHz

50pm t
Figure3. E,.ample of the monitor image of Figure4. Principle of the Strobe Pulse

thp measuring point on an IC. Timing Control Method (SPTCM).
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alternately at several kllz. The signal far, we have studied it experimentally, and
component, at the switching frequency, in found out that the temporal fluctuation of
the output. of the photodetector is the spectra of the strobe pulses originated
pre-amplified and detected by a lock-in intensity fluctuation of the output signal
amplifier whose band width is very narrow. of the E-O sampling (which is the detected
Using this scheme, we can detect the voltage signal of light from the analyzer).
B-A. If we choose the timing; a, at the A pin photodiode and a low noise
neutral point in the waveform, and change pre-amplifier were used as an optical
the timing; b to c, d, .- '. we can measure receiver. The noise generated in the
the entire waveform; B, C, D, ."-'. We receiver was confirmed to be less than the
named this the Strobe Pulse Timing Control shot noise of the input signal.
Method (SPTCM). As we use a laser diode Then, we experimentally investigated the
pulser, we can easily (hange the strobe relationship between the noise and the
pulse timing and also s.nchronize its timing driving circuit of the LD, and succeeded in
with the electrical signal to be measured. reducing the noise down to near the shot

noise level. The most effective means was
3. Minimum Detectability by opto-electrical feedback of the laser

light. One part of the laser pulse was
detected and the corresponding electrical

The minimum detectability of the E-O signal was fed back to the driver. By using
sampling system is mainly limited by this method, the laser noise was reduced to
halfwave voltage and noise of an E-O 1/3 1/4 of that without the feedback
sampling system. he used an E-0 probe made scheo e e
of LiNbO, (LN) whose halfwave voltage is the schemesmallest of available crystals. Table.l Further, we experimentally investigated

smalet f aaiabe cysal. Tbl.1 the origin of the remaining noise which
shows calculation results of halfwave
voltages of several crystals for a
longitudinal E-O modulator. In this LD PBS E-O probe
calculation, we examined all degrees of 8,
g at I degree steps in the polar F_2 -
coordinate system. - --------

The system noise is composed of (a the
noise of the photodetector and electronic
circuit, (b) the noise or intensity fluctua-
tion of the strobe pulses, and (c) the noise
or fluctuat ton generated in the E-O probe. P 1 P
The noise in (a) was reduced to the shot

noise le'.el. The noise in (b) was reduced RIN1 RIN2
by opto-clevtric feedback. We have recently ARIN = RIN2 - RIN1
found that the noise in (c) was the largest

if th e ehstm noise components. Figure5. Experimental set-up for studing
Since thre mechanism of generating the the origin of the noise (babinet-Soleil

noise in (c) has not been well understood so compensator is not shown).

ARIN
Table.1 Haltwaie vol tages of t pical 30

crystals for the longitudinal E-u 30

modi C at or

Crystal Name Halfwave 
/

Voltage (k) 20 /

(A As 6.2 /
/

A D P 2. 4 10 /

. iDN ) 3.5 //
A

C. i N tb( U 2. 3 /.
p AV

I, i T a 0 3. 6 1 2 X10'2

B S0 3. 9 Figure6. Relationshio between A RIN and

A v tor several separate LDs.
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corresponds to the noise in (c) mentioned 4. Structurally New E-O Probe
before. The experimental setup is shown in
Fig.5. The relative intensity noise of The new probe is schematically shown in
light pulses, after passing through the Fig.7, with axes of the crystal. The firs.t
Polarizing Beam Splitter (PBS) and the E-O crystal of LN is used as a longitudinal E-O
probe; RIN2 was found to be larger than modulator and second one is used as a
relative intensity noise of the original compensator. The first crystal has
laser pulses; RINI. To make this point dielectric mirror coat and is about 100 AA

clear, measurements were carried out for m(w) X 100 M m(l) X 75 u m(t) in size. The
several separate types of laser diodes in light incident axis makes an angle of 55 *
the similar operation way. The measured to the z-axis (optical axis of the
A RIN = RIN2 - RINI is plotted against the crystal)[1]. The best sensitivity is
spectral width; A v in Fig.6. The A RIN obtained by this 55 ° cutting structure[3],
means the noise added in the E-O probe. in the case of the longitudinal modulator.
From Fig.6, we see the A RIN is in The second crystal is attached to the
proportion to A v. first crystal and supported by a glass

Here, it is important to notice that the block. There is no difference between the
strobe pulses have multi-longitudinal-modes first and the second crystal except that the
and spectral envelope has a FWHM of about 1 x-axis make a 90 * angle with each other.

4 nm. Taking this point into account, Both end facets of the second crystal have
the experimental results as shown in Fig.6 transparent electrodes (backside electrodes)
may be understood as that the spectra is of ITO (Indium Tin Oxide) which are kept at
fluctuating for each pulse, and res0lts in the same electric potential by the side
fluctuation of the output signal due to the electrode.
wavelength dependence on the parameters of The second crystal operates to compensate
modulation. Mode-hopping in the laser wavelength dependence on the modulation
oscillation may be one of the spectral fluc- depth related to the spontaneous
tuations. birefringence of the first crystal. By this

Therefore, noise reduction is expected by new E-O probe, A RIN was reduced to about 2
the following three methods: dB for normal 780 nm laser diode pulses
(1) Use of LDs such as DFB-LD oscillating having a frequency width of 1.8 X 10": Hz.

at single-longitudinal-mode.
(2) Use of a crystal having a smaller 5. Experimental Results

spontaneous birefringence.
(3) Compensation of wavelength dependence Fig.8 shows the waveform of the strobe

on modulation related to the pulses measured with a sampling optical
spontaneous birefringence in the LN oscilloscope (Hamamatsu; OOS-01). The FWHM

Usage of DFB-LDs was experimentally of the optical strobe pulses is less than 30
effective to reduce noise. However, ps. By using these strobe pulses in the

proven SPTCM at a distance of d 4 0 between the
it is difficult to get 780 nm DFB-LDs at probe and the electrode, we have measured
this time. Usage of a smaller birefringence high speed electrical signals of 5 Vp-p
crystal such as LiTaO3 (LT) gives the disad- which are generated by a comb generator.
vantage of a higher halfwave voltage as Observed wa~eforms using conventional and
shown in Table.l. Consequently, we tried
the method (3) mentioned above by adopting
the compensation crystal to the E-O probe. _

FWHM

29.5ps
Glass Bl.. .. .

A = 780 n,

Electrode (ITO) Side

Dielectric Nirror Coat- 
- ' LiNbO, Crystal

(lOOi01, 750i4t)) - Time 50ps/div

Figure7. Schematic diagram of the new E-O Figure8. Waveform of the optical strobe
probe and its crystal axes. pulses measured with OOS-01.
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6. Conclusions

We made an overview of the E-O sampling sys-
S. . .tern using a longitudinal probe and laser

diode pulses including the monitoring system
and a newly developed measuring method for
non-chopped electric signals. Then we stud-

0 jed the main noise of the output signal, and
p \. ~ we have proven that the main reason for this

was the wavelength dependence on the
modulation. We have developed a structural-

-) Time 200ps/div. ly new E-O probe, reduced the noise and
improved the minimum detectability 6 fold.

We have achieved a minimum detectable(a) voltage of 7 mV/ f Hz with 32 ps time

resolution at d -0 . By adopting this
Lechnology to the system so far developed by
us[l], the E-O sampling system gives the
following performances:

: .. a) Sensitivity; Vmin = 7 mV/T-Hz, at
d -_ 0

S!.(b) Temporal resolution; 32 pa
.. . ii . . (c) Spatial resolution; 5 A a

. .1 :.(Laser spot diameter at the probe tip)o d) Non-contact measurement

O" (0 d : 20 m m)

(e) Absolute voltage measurement
(The possibility was provedil,2,4])

-) Time 200ps/div. (f) Synchronization of the strobe pulses
with the electric signal to be

( ) measured
Figure9. Measured electrical waveform (g) A system without any mechanical delay

using (a) a conxentional E-O probe and means
(b) a new E-O probe. (h) Non-chopped electric signal

measurement
(i) Sensitivity free from the structural

(b), respectively. The DUT was microstrip location of the device

electrode (Omni Spectra; Microstrip Test (.j) Exact monitoring of the measuring

Fixture). In both cases, the measurement point

time was 14 s and the time constant of the (k) Sensitivity is not a strong function

lok-in amplifier was 10 ms. Using these of Lhe distance; d

Nalues, scan speed for timing shift; 143 (Sensitivity Enhanced Method has been

psis aind the strobe pulse duration of 30 ps, developed[,2,4)

!.he limitin time resolution of the system As of now, we are finishing the basic

is ':tlcidated to be less than 32 ps, which research. In the next stage, we will study
is almost equal to the duration of the the practical application field, e.g. where
strob pu uas t etriggering of the laser pulses to the

trom these two figures. it is clearly electric signal to b. measured is very

s,'cn that. the noise is greatly reduced by important.
thf, not, E-O prob,. The equivalent input
noise were measured to be about 42 mV/,-Hz 7. Acknowledgment
for (a) and 7 mV/4 Hz for (b), respective-
1. Bx ,dopting the second crystal as a The authors wish to thank Dr.G.A.Mourou,
comp,-,nsatjr, the intensity fluctuation of S.L.Williamson and J.A.Nees of the
the strobe pulses after passing through the uni~ersity of Michigan for collaboration at
:1114nhzer was greatly reduced, improving the the beginning of the research and
minimum detectabilitv 6 fold. Dr.K.Kaufmann ft.- useful discussion. We

The new E-O probe also has another also thank T.Urakami and T.Nakamura for
advantage. iLs sensitivity is independer.t their technical supports, the members of
of tomperature because the second crystal fabrication group for making the E-O probe
'ompersates automatically for the and Dr.Y.Suzuki, Director of Central
temperature drift of the optical parameters Research Laboratory, for giving u- the
of the first crystal, opportunity to do this research.
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Improvement of Space-Dependent Sensitivity and
Absolute Voltage Measurement in Noncontact

Picosecond Electro-Optic Sampling
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5000 Hirakuchi, Hamakita 434, Japan

Non-contact picosecond electro-opt ic
sampling utilizing semiconductor laser
pulses is discussed in regard to improvement
of space dependent sensitivity and absolute
voltage measurement.

Incident Axis Z Axis
55j (Optical Axis)

1. Introduction

While the need for measurement systems LiNb0 3 -" x Axis ] Transparent

capable of characterizing ultrafast Electrode
electrical signals has grown according to
the increasing speed of electrical devices,
Valdmanis et al. have, for the first time, HR Coat Y Axis
achieved time-resolved ultrafast photo- (Dielectric Mirror)

detection with accuracy of less than lps by (a)
electro-optic sampling using a CPM dye laser
(1-2). Nowadays the electro-optic sampling
method has opened a new area as a
measurement method of ultrafast electrical
signals [3-7].

We proposed, for the first time, non-
coi,:q(t picosecond electro-optic sampling Glass Block
utilizing a longitudinal probe and
semiconductor laser pulses for the purpose
of practical use ir. 1989 (8]. The laser
diode has the advantage of small size, easy
handling, good reliability and the LCNbn 3 Crystal
capability of synchronization with the clock -(ecro- I lOOpmX lOOpmX5Opm)
signal for the device under test and
measurement of non-chopped electric signals
by changing the timing of the strobe pulse
[9,10]. 50pm 50pm

In the present paper we discuss new method 5o1m (b)
for improving sensitivity, that is the
capability to measure signals with small Figure 1. (a) Schematic diagram of the E-O
dependence on the distance between the E-0 probe and its axes. (b) Relationship among
probe and the device under test, and a the incident light, an E-O probe and a
possibility to measure the absolute voltage, coplanar electrodes.
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2. Over View of the System 3. Improving Space Dependent Sensitivity

The longitudinal E-O probe has a backside Recently we have greatly improved the space
electrode, and has the following advantages dependence of the sensitivity by a newly
compared with traditional transverse E-O invented method. We were thinking about how
probes. to effectively gather the lines of electric

force into the crystal in order to
1) Sensitivity independent from the strengthen the induced birefringence. We

horizontal direction of the circuit. dealt with the E-O probe and the electrode
2) Smaller cross talk results in higher of the circuit as a capacitor consisting of

spatial resolution, parallel plates as shown in Fig.2. If the
(3) Exact monitoring of the measurement space between the crystal and the electrode

point, is filled up with a material having a higher
dielectric constant, stronger signals could

Fig.l(a) shows the structure of the be obtained than that without the material.
longitudinal E-O probe made of LiNbO3. The If the material is liquid, the E-O probe
light incident axis makes an angle of 55 * can be moved around smoothly. Hence, we
to the Z-axis (optical axis of the crystal). decided to fill the space with alcohol as
The best sensitivity is obtained by 55 °  one of the possible materials. Alcohol is a
cutting structure, in case of longitudinal safe material for the device. As the
dpter tion.The E-O probe is 100 u m X 100 u m relative dielectric constant of alcohol is
X 50 u m in size and is supported by a glass 25, we may expect 10 times stronger signal
block of about lmm'. The bottom of the than usual.
LiNbO. has a dielectric coating, and the We measured curves by changing the probe
upper side has a transparent electrode of position along the Z axis, for both cases;
ITO (Indium Tin Oxide). Fig.I(b) shows the air and alcohol in the space. Obtained
srhematic diagram of the E-O probe and the curves are shown in Fig.3. Fig.3(a) is
circuit under test; coplanar electrodes have obtained under the usual method (air) and
a width of 50 u m, and a separation of 50 Fig.3(b) is obtained under the new method
M m. (alcohol).

We observed high speed electrical
waveforms on the coplanar electrodes. As forANb03 50pjm comparison, measurements were carried out

SI== 0with (a) no material in the space and (b)v . alcohol in the space. Fig.4 shows the

T8' "'" d waveforms at a Z-distance of 20 u m (d=20 UA
.. .. m) and signal voltage of 5Vp-p. The

difference is clearly seen. The peak to
IJIII//// I/Il peak wave of the signal shown in Fig.4(b) is

- Electrode about half of that measured at d 0.

Figure.2 E\planatori schematic diagram of
the principle impro ing the space dependency
uf the -erP i ti it Y.

(pm) Z (M

<J 10 10z z
DISTANCE DISTANCE

o 0

0 50 100 150 200 (pm) 0 50 100 150 200 (p m)
DISTANCE DISTANCE

(a) (b)
Frk, , . Outtut signal -aveforms along the X-axis, against the distance Z;
fa, traditional ard (h) improved method.
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1 1

z z

cD

. 0.D D

I I I | . i I -I i

0 0~ . Al1 Ji( L 4 0011

TIME (200ps/div) * TIME (200ps/div)

(a) (b)
Figure 4. Output signal at the spacing d=20 u m; (a) without and (b) with alcohol.

The reduction of the signal amplitude along of the lock-in amplifier is recorded, a
the space distance is faster than that in a reversed waveform at the ground level is
static condition as shown in Fig.3. This is observed. We applied 5Vp-p signal to be
because the dielectric constant of alcohol measured, and increased the applied %oltage
in the high frequency range is not as laree to the backside electrode from 0, until the
as that in the low frequency range. Further peak of measured waveform came down to the
investigation for other materials is needed ground level as shown in Fig.6(b). In the
in order to obtain a better frequency case of Fig.6(b), a 0.88Vp-p square wave of
response. 2KHz was applied to the backside electrode.

The equiialent input noise is calculated This means we can measure the voltage of any
to be 125mn/ f Hz. This means sensitivity point without changing the timing of the
is improved 5 times than that %ithout laser pulses. The oltage being applied to
alcohol. The time constant of the lock-in t'e transparent electrode is still a weak
amplifier is lOms, and the timing shift rate function of the distance between probe tip
of the system is 444ps/s. Therefore, 2ns and circuit under test, and also the
real time scale corresponds to 4.5s on the waveform to be measured. This may limit the
record. Using these %alues and a laser pulse application of the absolute Xoltage
width of 4ops, the time resolution of the measurement. For example, we need to aprpl
system is calculated to bt. less than 45ps. a l.7Vp-p square wave at the distance d=O

The signal to noise ratio is improved by with alcohol for the same signal. Ilso when
taking longer measurement time, without the waveform to be measured is a sine wave
losing the timf, resoluti,in, having the same peak to peak xoltau. as

before, we need to apply 1. 2\ 1-p at the
4. Absolute Voltage Measurement distance of d=20 u. m with alcohol. %e ma.

be able to use this method to find the
Next, we discuss the possibility of absolute absolute voltage roughly by use of a lookup
voltage measurement. As said before, the table or by other means.
probe has a backside electrode which can
yathcr lines of electric force into the
cryst-il effe.cti ely as shown iii Fig. 5(a)
whe:n the backside transparent electrode is
grounded. In addi t ion, the I uijes of
eltrC-tric f,) rce can be drien out by applying
Noltage to tht backsih',, electrode as shown
in Fi.5 (b).-" V

Ve applied -q'uare waves at 2KHz to the V j
trai:'- ,-tf t electrode in order to drixe out
the ili'os of electric power in tht crystal. V V
The square wave %oltage should be
synchronized with th. chopping s gri;Ll. .At
that time the aveform shown ini Fig.-1a, (a) (b)
obtained by normal condition, changed its
P.C. level as shown in Fii.6(b). Figure _). Schematic diagram showing the

This data was measured at d=20 u m %ith principle of the absolute voltage
alcohol. We recorded the Acos 0 component measurement; backside electrode is (a)
from the lock-in amplifier. If the signal A grounded and (b) biased.
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1 1

CL

am of YO rTI--

0 0

-> TIME (200ps/div) -- TIME (200ps/div)

(a) (b)
Figure 6. Example of the output signal showing the absolute voltage measurement. The
signal obtained at normal condition (a) is shifted down by applying the bias voltage to
the backside electrode. The absolute peak voltage of the signal to be measured can be
known from the bias voltage when the peak of the output signal reaches the ground level
(b).

5. Summary fabrication group for making the E-O probe
and Dr.Y.Suzuki, Director of the Central

For practical use of E-O sampling, such as Research Laboratory, for giving us the
high speed waveform measurement at internal opportunity to do this research. We also
nodes in integrated circuits, we have would like to thank J.Nees, S.Williamson and
studied non-contact E-O sampling utilizing a G.A.Mourou of Univ. of Michigan.
longitudinal probe and a semiconductor
laser. Progress is as follows: a) a new 7. References
method for improving sensitivity, which
doesn't depend strongly on the distance l.J.A.Valdmanis, G.Mourou, and C.W.Gabel,
between the E-O probe and the device under "Picosecond electro-optic sampling
test, b) possibility of absolute voltage system," Appl. Phys. Lett. 41, 211-212
measurement. As for a), we developed the (1982).
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shorter, stabler, and stronger pulse lasers. (1988).

We feel that the basic research has been 6.M.S.Heutmaker, Thomas B.Cook, Bruno
finished. At the next stage, we need to Bosacchi, Jay M.Wiesenfeld, and Rodney
study the application field, e.g. where S.Tucker, "Electrooptic Sampling of a
triggering of the laser pulses synchronized Packaged High-Speed GaAs Integrated
with the signal to be measured is very Circuit," IEEE J. Quantum electron. 24,
important. 226-233 (1988).

7.J.Nees and G.Mourou, "Noncontact
6. Acknowledgment Electro-optic Sampling with a GaAs

Injection Laser," Electron. Lett. 2_,
We thank Mr.T.Nakamura and Mr.T.Urakami for 918-919 (1986).
their technical support and members of the



74 Picosecond Electronics and Optoelectronics

8.S.Aoshima, H.Takahashi, T.Nakamura and IO.S.Aoshina, H.Takahashi, I.Hirano and Y.
Y.Tsuchiya, "Non-contact picosecond Tsuchiya, "Improvement of Minimum

electro-optic sampling utilizing Detectability of Electra-Optic Sampling
semiconductor laser pulses,"I Proc. of by Using a Structurally New Probe ", in
SPIE, 1155, 449-510 (1989). Technical Digest of Topical Meeting on

9.S.Aoshima, H.Takahashi and Y.Tsuchiya, Picosecond Electronics and

"Non-Contact Picosecond Electra-Optic Optoelelectronics (Optical Society of

Sampling with Semiconductor Laser", America, Salt Lake City, 1991), paper
Trans. of lEE Japan, 111-C, No.4 (1991) FB4.
to be published.



New Scheme of Electro-Optic Sampling by
Probe-Beam Polarization Modulation

Ryo Takahashi and Takeshi Kamiya

Department of Electronic Engineering, University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku Tokyo 113, Japan

ABSTRACT 2. BACKGROUND

To date, the method most frequently employed
A new scme ofg oisem suptheprein bm for the purpose of noise reduction Is one where the

electrooptic sampling system by the probe beamDU isectcal moutdata ouain

polarization modulation Is proposed, Its operation

principle Is analyzed and the performance Is frequency, fm. which Is chosen to be beyond the i/f

demonstrated experimentally. The method has the noise band width[2) as shown In Fig.l..so called
signal-amplitude modulation scheme. This method is.

advantages that narrow- band detection can be used howver-m plicble T mgto Ite

instead of modulating the device under test with grate circuis nan dice th thgesld.
doubed Pn.Itlvtv ompred iththeconvntinalgrated circuits containing devices with threshold,

deohds i where an addition of modulation voltage causes un-
methods, wanted Instabilities.

Under these circumstances an alternative non-

modulation method has been attempted, choosing the
offset frequency Af to be higher than the i/f noiseFiectrooptic (EO) sampling is a potentially band width 151 as shown in FIg. 2..so called heat

powerful technique to characterize very-high speed scee with this cho an ise palty muat
elecricl wvefoms n te tme dmai an toscheme. With this choice another noise penalty must

examine waveforms Internal to tm e icndto be paid because of the wider spread of the signal
weame wveforsxinternal to innteatedcharmonic components In frequency space, resulting
where external connections cannot be made~l-6J, in the need of wider band pass filter for i/f noise

Using mode-locked dye or Nd:YAG laser systems,

temporal resolution less than 2ps. shot-noise elimination and shot noise reduction. For smoothing

limited voltage sensitivity In the mcrovot/[ilz purposes, averaging procedures had to be iterated
a number of times, hence longer measuring time.

range have been reported[3,4]. However such laseranubrotie.hcelgrmasigtm.ranges hae bege reanrtedi Hve r syhlae Furthermore the band pass filter for the I/f noise
systems are large and complex and may have
limitations for practical use. elimination causes the additional Inconvenience oflimitationslm fora practicalmpouse.

On the other hand, semiconductor laser system having to ellmlnae a DC signal component.
These problems would be solved If a properi5,61 have several significant advantages such as i)mouainsheisdvedapealette

compact size. 2) low timing jltter(-2ps) 17.81, and 3) pobeamo se Is ofmdiale to te
arbitrary repetition rate for gain-switched probe beam Itself Instead of modulating tihe IDUT. We
arbirary tion r0which ates for gainsited tfound that the present proposal as described below
operation (0,1-20G6lz) which makes it possible to

synchronize with the clock frequency of the device actually meets this requirement.

under test(DUT). Their disadvantages Include the
reduction of temporal resolution and the voltage
sensitivity because of their broader pulse width A concept for a phase modulation scheme Is
and lower average power, although the former may schematically Indicated In Fig.3. where we assumed a
be solved by the recent progress made in pulse GaAs Integrated circuits as the DUT which shows
compression techniques (9-11. Therefore the most electrooptic effect. In a conventional scheme as
Importi-nt point for Improvement of the EO sampling shown In (a), the operating point Is fixed at an
system using a semiconductor laser Is the optimal vaiue given by a compensator which Is
sensitivity problem. usually equal to be n /2 rad, maximiging the signal

in this paper, we propose a novel scheme for amplitude. Therefore the probe beam power through
noise suppression In EO sampling by probe beam an analyzer changes only In the presence of a
polarization modulation. signal field. In order to obtain a modulated probe
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(a) beam, an EO modulator is introduced In place of the
V compensator as shown In Fig.3.(b). At an alternate

Electrical Pulse kkk operating point exchanged by the EO modulator, the
probe beam changes Inversely at the same frequency

- - as the EO modulator, resulting in doubled sensi-

Probe Beam L[JJAJJLLL tivity. However, the phase retardation induced by
the signal voltage is so much smaller than that by

SPV(rl the EO modulator as to be apt to be buried In

Signal Beau -'[I Irbh~ inllIl [r TIr I-  retardation fluctuation caused by both an Input

voltage and temperature in the EO modulator.

PD output Therefore, such an additional noise may give a
limitation to practical use, although this scheme

Vp-p- dp can improve sensitivity theoretically. As will be
Signal Filterin shown below, we have found a novel configuration
after Filtering ,(polarization modulation scheme), which is capable

DETECTIONl BAND VliDlT of removing such noises, while retaining the

(b) e advantages of this scheme.
Let us fomulate the change of polarization

ststes under the following geometrical configura-

:ition of optical components. Figure 4.(a) shows the
general coaxial arrangement for the case of trans-

" NOISEmission probing configuration, where the GaAs
substrate Is assumed to act as the electrooptic
sampling head. We also assume that the linearly

0 !polarized input probe beam, the principal dielec-
tric axis of the EO modulator and GaAs sampling

SIIOT-1OISE head are oriented at angles If /4 , e, and a, res-
pectively to X axis in the X-Y plane. After pro-

Ia-n., i n ri'd I pagation through the EO modulator and the GaAs

FREQUENCY ilz) sampling head, the optical field of probe beam Is

Fig.l Signal amplitude modulation scheme: then written as

(a) timing chart.(b)spectrum output signal
EohAaB( ) ( a A( ) ( ) (- ) , 1

(a)
S igal ]//i/ 1 /// / A (O)= c s -sinO Bos= 1x~ r

I pep'Rite n C s001

I R. 11.t I , I [ _

: 1(
Output SignsI Coopensitorn

:epRate A11 J TIME

(b) If~rCrIOR BAND 1(0(? 9( OUT

(b)

-a I/( T

NOI SE
F0 Mollator-4

TIME

DC

h14 NOISE 4OU tta

DC it lll n41

FREQuENCY 11171
Fig.3 Configuration and Input vs output

Fig.2 Beat scheme: (a)tlmlng chart.(b)spectrum of characteristics of (a) conventional signal

output signal modulation scheme and (b) phase modulation scheme
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where r (t) and 7 ( r ) are the retardations due to i =oecos20 Jsin2(a-B) (r

the EO modulator and the signal voltage In the *sln2(0-,6)N(t)]J I(r_)sIn2Yrft (4)
sampling head, respectively. Here r Is the relative

delay of the arrival time of the probe pulse with were Ie Is the maximum photocurrent for a given
respct o th sinalwaveorm Theefoe (beam intensity P.n and J1 Is the first order Besselrespect to the signal waveform. Therefore 7 ( r)fuci n

varies slowly with the offset repetition rate .1 f fc o
[3]. Because the analyzer is assumed to be orientedFrmes()ad4.wecngtheopuat1. Becato the ater AC c mnentof te ountpt equations of three cases of signal amplitude modu-

lation scheme(Fig. I). phase modulation scheme(Fig.3)
probe beam power can be approximated by and polarization modulation scheme. In the conven-

tional signal amplitude modulation scheme, as shown

P 2,=--- cos20 [-sin2(0-8)cosi'(t) In Flg.4.(b),we have only to set 7 =(7/2)sln2x f.t, r
=n /2,0 =0, a =0 and B8=-n /4 to eq.(2). Also In the
phase modulation scheme, we obtain the equation by

Generally the retardation I'(t) of the EO modulator making 0 =0, a =0 and 8 -- n /4 In eq.(4)(Fig.4.(b)).
Is expressed as Specifically when such an operation as 0 =0,a = r/4

and 8 - 0. shown in Fig.4.(c), Is made, we get the
I'(t)= F.. sin2n f~t+N(t) (3) final equation of polarization modulation scheme.

where F , and fm are the amplitude and the In summary the output signals for the three cases

frequency of the modulation of phase retardation, are represented as follows:

respectively, and the N(t) represents the retarda-

tion pertubation by the fluctuations of tempera- (1o/4)7 (r) sin2i f,,t (5.1)

ture and Input voltage applied to the EO modulator. 1I,= Io(7 (r )+N(t)}J i(Fm) sin2yt fet (5.2)

Photodiode output, which Is proportional to the i({7(r )+2(0 -. 8)N(t)}J I'm,) sin2nfmt (5.3)

optical power, eq.(2). Is fed to a band pass filter

centered at the frequency fin. then the output here eqs.(5.l),(5.2) and (5.3) Indicate signal ampli-

photocurrent becomes tude modulation scheme, phase modulation scheme

and polarization modulation scheme respectively.

in the polarization modulation scheme it Is

l clear that under the absence of the signal, the

(',.A, S,0-,tnr probe beam is not modulated at all, and with the

Y signal It Is modulated In proportion to 7 ,If 6 Is
I() (10.0I,,,, (x set equal to 0. The advantages of the scheme de-

(1i 011 rived from this equation are follows: 1) since the
. \ signal frequency components are shifted by fm, the

Y- DC component can be detected without disturbance
of the I/f noise; 2) the offset frequency can be set

11 AyOler O"tp "]I". to be arbitrarily low so that narrow-band detection

X Y T is applicable In order to reduce the shot-noise ; 3)

,." 1 \ t]when 8 Is equal to 0, the effect of the noise N(t)

/IMI.. r retardation can be suppressed; 4)because the opti-
cal change on both senses (l1.84rad) retardation

Y / adds up in the signal, we get 2.16 times sensitivity
.compared to the conventional methods (2.16=4maxJ,=

4.1 (1. 84)).

IX l-, 4. EXPERIMENT
Y The experimental set-up is Indicated sche-

matically in Fig.3. Here two synthesized signal gen-
1:"Ar O ll q "... .erators are phase-locked and offset In frequency

\ by 0.2tlz. One synthesizer drives a DUT which Is here
F"P M", 11-1 a comb generator, and the other drives a V-grooveI I\InGaAsP gain-switched laser diode which Is biased

well below threshold adpumped wihasrn
[. A\ \current pulse (V, -=12V. pulse width=130ps). The

laser diode radiates probe photons at a wavelength

1.3,u m. and Its pulse width Is less than 20 ps. The

X probe beam from the laser diode Is modulated in

polarization, as explained above, at 16kHz by an EO
modulator which is made from KDP crystal with 650V

Fig.4 Coaxial arrangement for (a) definition of half-wave voltage. By adjusting the compensator

angles. )b) signal modulation or phase modula ion plate, the DC component of the retardation F(t) was
scheme and (c) probe beam polarization modulation eliminated, The probe beam interacts with the fri-

scheme nging field produced by the signal voltage and is
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reflected at the back surface of GaAs substrate, V. Under the modulation frequency fm of 16 kHz and
then Is detected by a slow Ge photodetector the detection band width of 100 Hz, both the 1/f
through a Glan-Thompson polarizer, yielding the noise and the shot-noise were sufficiently sup-
signal waveform proportional to V.., of eq.i5). This pressed. Here the measured waveform was repro-
signal is then processed by a lock-in amplifier and duced with all the harmonic components of the sig-
an electrical spectrum analyzer with the resolution nal. In comparison, the corresponding result based
bandwidth of 100Hz with no use of accumulative on the conventional non-modulation scheme(51 Is
signal averaging procedure. shown in Fig. 4.(b). The offset frequency A f of 300Hlz

The effect of the noise reduction Is demon- was chosen, the truncation of harmonic component

strated as depicted In Fig.4.(a). Here the output at the 100 th order requires a filter bandwith as
waveform from a comb genera torillP33002A) Is shown, large as 30 kfiz, resulting In the poor noise

operating at 100 MHz with peak-peak amplitude of 10 elimination. Measured sensitivity In this scheme was
20 mV//liz. In contrast to the achievement of lmV~f-

i 8er Dioide Polnrizer EQ Moduiator Compensator GaAs 500 Hz using the novel scheme discussed In this paper.

11. rjf 1-jIl 5. CONCLUSION
\,mp iurn L . 1''In summary, a new scheme of noise suppression In

'-I'm electrooptic sampling system by the polarization

Comb -Function LIGnrtr modulation of the probe beam Is proposed, its ope-
Gnerato Geerator] _ ration principle is analyzed and the performance Is/ nr. Gebetector Amp. demonstrated experimentally. The method has the

\Am. 1~miute 1  eF. advantage of no need for electrically modulating

-~ 1~ -~- m (Sig. the DUT. The probe beam Is not modulated In Inten-
I Spectrum --- lok n sity as far as the signal voltage Is absent, mean-
i~AY Anuyzcr { mp while when the signal voltage Is present, the beam

syrisrsicr----------Synt~csirris modulated with the amplitude In proportion to
Sn I rnhsze h signal voltage. Therefore It becomes possible

I 1 to suppress the laser I/f noise and detector ori-
ginated shot-noise by making the detection band-

Fig.5 Experimental setup for EQ sampling width narrow. Using a gain-switched semiconductor

measurement laser as the probe beam source and a EQ modulator.
sensitivity of I mV//Fliz was obtained.
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Electro-Optic Sampling for the Measurement of the Response
of Fast Oscilloscopes

D. Henderson, A. G. Roddie, and A. J. A. Smith

National Physical Laboratory, Teddington, Middlesex WI OLW, UK

Abstract second, nominally identical sampler, has been
demonstrated as a method of estimating the temporal

A technique for measuring the impulse response and response that is not limited by other measuring
risetime of fast sampling oscilloscopes using picosecond instruments.
electro-optic sampling is described. The results are Optoelectronic techniques offer considerable promise
compared with those obtained using a kick-out method in measuring CRO response. Fast electrical pulses can
and with measuring the spectral response in the be generated by photodiodes or photoconductve switches
frequency domain, when illuminated by picosecond lasers. These pulses

can be measured by photoconductive or electro-optic
sampling techniques t

Introduction We have used a modelocked dye laser and photodiode
to generate very short electrical pulses and have

Several new sampling oscilloscopes (CROs) have been measured the pulse waveform using electro-optic
introduced in recent years, the fastest claiming step sampling (EOS). The impulse response of a CRO is
risetimes of about 5 ps. Development of these CROs has derived by deconvolving the electro-optically measured
been driven by rapid advances in areas such as optical waveform of the photodiode pulse from the waveform
fibre communications where they are often the limiting recorded by the CRO.
instrument in a measurement. Since these instruments The results obtained by electro-optic sampling are
are able to output waveforms to computers, knowledge presented here and compared with measurements
of the impulse response can be used to increase the obtained using a frequency sweeper and by analysing
temporal resolution and accuracy of the CRO the CRO kick-out pulse.
measurement. The purpose of this paper is to describe
the techniques that we have applied to derive the Electro-optic sampling
impulse response of fast sampling CROs.

Various methods can be employed in measuring the A train of short optical pulses passes through a crystal
response of a CRO to an impulse or a step I3-* which exhibits the Pockels' effect. Electrical pulses,
Electronic pulse generators have been used though the phase-locked to the optical pulses, produce a transient
use of such step generators does not yield the risetime electric field in the crystal, rotating the polarisation of
directly unless they are much faster than the CRO. This each pulse in the same way. This can be detected using
is difficult to achieve as the response time is governed a polarisation analyzer, giving a change in intensity on
largely by the same device technology, a photodiode. By varying the delay between the optical

Frequency domain measurements can give the power and electrical pulses, the temporal shape of the
bandwidth response of the instrument and an estimate electrical pulses can be obtained 15 .
of the risetime can then be made from a model of the A hybridly modelocked dye laser (Coherent 702-1),
CRO temporal response. pumped by a Nd-YLF or Argon ion laser, produces

Measurement of the kick-out pulse of a sampler by a pulses of 1 ps duration at 590 nm. The beam is focused
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into a silica cone which has a lithium tantalate tip Planar line CRO
100 urn thick, with a dielectric coating to reflect the reference plane m
beam. The polarisation of the beam is rotated when the (EOS probe)
tip of the cone is placed in an electric field. The system Coaxial
used is shown in Fig.l. reference plane

Since sampling CROs have coaxial input connectors, (available pulse) - CdB
it is necessary to measure the electrical pulse at a Attenuator
reference plane in a coaxial transmission line.
However, the electric field in coaxial geometry is not 3V d.c. Bias Tee
readily accessible to the sampler cone and so the pulse
was launched onto a planar line. Both coplanar Fast
waveguide and microstrip were investigated for this [>1t1
purpose. We also probed a coaxial line directly through Photodiode
a hole in the outer skin of a K-connector.

The temporal resolution of the lithium tantalate cone Figure 2. NPL pulse generator showing photodiode and
is easily calculated for a uniform electric field. The associated circuitry.
main contributions are from the 1 ps optical pulse and
the transit time of the optical pulse through the 100 un Data acquistion and waveform processing
Pockels' crystal. These two effects combine to limit the
resolution to under 2 ps. A number of processing steps are required to obtain the

The resolution of the measurement of the pulse at the impulse respone of a CRO using the waveform acquired
coaxial reference plane is less than this and is limited by our electro-optic sampler (EOS). These are outlined
by the transmission line between this plane and the below.
sampling plane. The effects of attenuation and A PC was used to control the system, to acquire and
dispersion by the line and changes in geometry have process data from the CRO (HP 54121A) and EOS.
been measured by network analysis. The PC controlled the delay between the optical pulses

on the photodiode pulse source and those probing the
The electrical pulse generator (Fig.2) consisted of a birefringence in the sampling cone and read a DVM

photodiode illuminated by the picosecond dye laser. connected to the phase sensitive detector. The resulting
The diode was a GaAs Schottky barrier device t6 with waveforms were averaged, filtered and modified as
10 um square active area, packaged with a K- necessary.
connector. The pulse generator included a Wiltron The PC was also used to acquire the waveform from
K-250 bias tee and 6 dB Wiltron Gold-line attenuator. the CRO, controlling a shutter in the optical path to
The attenuator was required to improve the source allow a record of the zero level to be subtracted. The
match to 50 Q line. The measurement reference plane, time-base of the CRO was calibrated using a 10 GHz
at which the pulse shape was required, was the output source.
side of the attenuator. The jitter in the triggering of the CRO was measured

using the CRO's own software. The jitter was assumed
-------------------------------------- to have a Gaussian distribution and was deconvolved

yO Loe Dif..ntial Amp I Pc from the results.
-- -- Waveforms of the photodiode signal recorded on the

5MHz PsD CRO and EOS are shown in Fig.3.
The impulse response of the CRO was obtained by

compensator fl deconvolving the EOS waveform from the measured
\Yi7 7 . i L CRO wavefonn, after correction for timebase and jitter.

Delay PDaTmr Probe The difficulties encountered in the deconvolution have
been treated in detail elsewhere , and in order to

5MHz Ao obtain a stable result, frequency domain filtering was
Moedulator'7 , used. The derived impulse is shown in Fig.4. The CRO

, o0od,*do risetime, the single parameter most widely used in
defining a CRO's response was calculated by integrating
the impulse response. This gave a risetime of 16.0 +3 .5

Figure 1. Diagram of. the laser and electro-optic sampling ps, with the uncertainty quoted for the 95% confidence
system level.
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-F ,was used, but we had difficulty in obtaining physically
realisable S parameters above about 32 GHz. Although
the results obtained were not sufficiently accurate to

C allow de-embedding of the waveform data, they
indicated the need for such an analysis.

,a Electro-optic sampling in coaxial line

As an alternative method of estimating the effect of the
coaxial/coplanar transition, we measured pulses on
coaxial line through a hole in the outer conductor of a

> 1 ,,,/' - -- t- line (Fig.5). The waveform was obtained by sampling
_T I through a 1.6 mm hole drilled in the outer of a male-

to-male K-connector adaptor. Although there was a
Figure 3. Photodiode waveforms recorded on the CRO significant amount of ringing, believed to be due to the
(solid line, FWHM = 16.3 ps), and the EOS (dashed line, resonant cavity of the hole, shorter pulse widths were
FWHM = 8.9 ps). measured than on the line, indicating that the transition

broadens the pulse by approximately 1.5 ps. The signal-
to-noise ratio was poor when sampling in coaxial
geometry with lithium tantalate. This is because the

C
to  field in the coaxial cable is parallel to our probe beam.

Sampling CRO kick-out measurements

I A novel method of measuring the impulse response of
A sampling CRO's, using a self-generated pulse, has been

2 A - -,.. A' proposed 's .

o Time , ,s 0 Impulses are generally present at the input connector> ,of sampling CROs as a result of the sampling process,

even when no input signal is applied. The waveform
produced by an HP54121A CRO, set to its restricted

Figure 4. Derived impulse response of CRO showing bandwidth of 12.4 GHz is shown in (Fig.6). There are
FWHM = 11.7 ps. two independent contributions to these impulses, the

sampling aperture current and the feedthrough of the
the sampling drive current. The sampling aperture

De-embedding current is due to current flowing through the finite
resistance of the sampling gate during the very short

The EOS measurement of the photodiode was made on time that it is turned on in the sampling process. This
the coplanar line whereas the electrical pulse should
ideally be measured at the plane of the coaxial
connector of the attenuator connected to the bias-tee.

Network analysis was used to attempt to quantify the
distorting effect on the pulse of the line between the c

coaxial reference plane and the plane of the electro-optic
probe. It is then, in principle, possible to de-embed the - -.

effect of the transition from the results. A two port K-
connector test fixture was constructed, capable of /
holding lines of different lengths. A "through-reflect-
line" calibration kit was constructed for our line (gold
on fused silica). A resistive termination was included - . /-
in the calibration kit, for low frequencies. > pT

An Hewlett-Packard 8510 network analyser was used
to find the S-parameters beween the K-connector Figure 5. Photodiode pulse measured through hole in
reference plane and the coplanar line. A 40 GHz test set coaxial line. FWHM = 7.4 ps.
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CRO, set to 12.4 GHz, derived by the kick-out method
-with that obtained by calculating the FFT of the EOS
+derived result (Fig.8).
- The kick-out pulses of two other CRCs, the Tektronix

S4 sampling head and the Tektronix SD26,were also
investigated. We found that, in these CROs,
the kickout pulse did not vary detectably with vertical
offset polarity Il. The sampling aperture function could
not, therefore, be derived from it. It is important to
note that, as the kick-out technique is not universally

1 0 applicable, it cannot replace other measurement
0o T i me ( F 200 methods.

Frequency domain measurements

Figure 6. Kick-out signal measured at the input connector of The risetime of fast sampling CROs is often estimated
an HP54121A CRO with bandwidth limit set to
12.4 GHz. by measuring the magnitude of the frequency response.

The phase response is required in order to calculate the
current is driven by a potential difference between the temporal response. This is generally obtained from a
input line and the sampling gate hold capacitor, set by model. In practice, the approximation of a single RC
the sampling gate offset voltage, or vertical offset. time constant is usually made.

The sampling aperture current varies with the polarity We have made frequency response measurements
and size of the sampling gate offset voltage, while the using a Hewlett Packard 83597A sweeper (10 MHz-40
sampling gate drive current is independent of these. It GHz) set to discrete freqencies. The sweeper power was
has been shown that the contributions of the drive and levelled using a Hewlett Packard 8487 power sensor.
the aperture current can be separated if the kickout The CRO was operated both triggered from the
pulses are recorded by an identical sampler for equal fundamental range of the oscillator and free running,
and opposite sampling gate offset voltages, using a statistical technique to determine the peak-to-

The CRO response can be considered as being peak value. Good agreement between the two methods
composed of the combination of a filter response for was obtained.
the transmission line from the input connector to the The HP54121A CRO, set to its full 20 GHz
sampling gate and the response of the sampling gate bandwidth, was measured by the frequency domain
itself. The kick-out measurement technique assumes that method and compared to the FFT of the impulse
the phase response of the sampling gate is ideal and that response obtained by the electro-optic sampling method
the gate used to measure the kick-out pulse is identical. (Fig.9).
The temporal response of the CRO is then obtained In order to determine whether the structure present in
(Fig.7). the CRO frequency domain measurements was caused

We have compared the frequency response of the

\ Frequency (GHz)

- 3__ -dB
L 3-

0

\ \

0)

Time (ps)
Figure 8. Frequency response of HP 54121A CRO (set at

Figure 7. Impulse response of HP 54121A CRO (set at 12.4 GHz) measured using kick-out (solid line) and EOS
12.4 GHz) derived from kick-out method. FWHM = 14.9 ps. (dashed line) methods.
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by the photodiode or CRO, measurements of the The spectrum analyser measurement of the pulse
photodiode were made using a spectrum analyzer frequency spectrum to 26.5 GHz can be compared with
(Hewlett Packard 7000 series).The response of the the FFT of our electro-optic sampler waveform (Fig. 10).
spectrum analyser was corrected using the sweeper, The record of the pulse obtained by the HP 54121A is
(levelled by the power sensor) at the same power level, also shown after the FFT. We expect to see the CRO
the individual harmonics in the comb making up the response falling off more rapidly because of the hiated
photodiode pulse. This removes errors introduced by bandwidth. Any difference in structure is indicative of
the I.F. gain accuracy and Log amplifier fidelity, imperfections in the techniques.

Conclusion
l 2b 3b 4b

We have investigated three methods for measuring the
temporal response or bandwidth of fast sampling CROs.

-3 d B The results show very good agreement although some
waveform features require further investigation.

The time domain approach using a photodiode pulse
, ,. generator and electro-optic sampler show that the

risetime of a 20 GHz CRO (nominally 17.5 ps risetime)
- can be measured with an uncertainty of + 3.5 ps.

Improvements in the uncertainties and extension to
measuring faster CROs require the development of
improved pulse generators and the use of de-embedding

Figure 9. Frequency response of HP 54121A CRO techniques.
(nominal bandwidth) measured using EOS (solid) and

swept frequency (dashed) methods. References
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Abstract the time domain by photoconductive and electro-optic
sampling with 70 fs optical pulses for different diode
geometries and in dependence on the excitation density

Photoconductive and electro-optic sampling of the and sample temperature. We measured signal rise times
photocurrent of GaAs metal-semiconductor-metal-photo- as fast as 1.7 ps and a decay with two different time
diodes reveal the influence of field screening and optical constants of 4.5-10 ps and 10-50 ps, which can be
phonon scattering on the frequency bandwidth of these attributed to the electron and hole current, respectively.
detectors. The experimental results agree with theoretical Theoretical results obtained by a self-consistent two-
predictions of a self-consistent two-dimensional Monte dimensional Monte Carlo (MC) calculation yield a quan-
Carlo calculation. titative description of the measured diode response.

Our experiments and the MC simulations reveal the
importance of low excitation densities in order to avoid

Introduction field screening by space charge effects. The full-width at
half-maximum (FWHM) of the diode pulses decreases

Interdigitated Metal-Semiconductor-Metal (MSM) continuously by almost a factor of two if the sample tem-
Schottky diodes fabricated on GaAs and other Ill-V perature is decreased from 300 K to about 80 K. This
compounds are sensitive high speed photodetectors for result confirms that the response speed is actually limited
multigigabit optical data processing systems. The com- by phonon scattering rather than by the device capaci-
patibility of the fabrication process with the process tance.
technology of planar high speed electronic devices like
FETs makes them extremely attractive for ultrafast inte- Monte Carlo Simulation of the Transport
grated optoelectronic circuits. Narrow Schottky contact
spacing permitting rapid carrier extraction after photo- The response of the MSM-diode to a 70 fs laser pulse is
excitation and a small active area in order to minimize the calculated by two-dimensional Monte Carlo simula-tions
parasitic capacitance are the key design features of these of the carrier transport 16,71. This method represents a
diodes. First attempts to model the intrinsic transport of self-consistent solution of Boltzmann's transport and
photoexcited carriers in MSM-diodes by a one-dimen- Poissons's field equations, both in space and in time.
sional Monte Carlo simulation predict temporal The latter was iteratively solved every 40 fs over a
separation of the electron and hole current 11,21 and rectangular uniform mesh of 10rm. An unintentional
durations of the electron and hole pulse of a few pico- background doping density of 5XI013 cm - 3 (n-type) was
seconds and several ten picoseconds, respectively. Al- acgud doping eto n13m (nty as
though frequency bandwidths in excess of several ten assumed. The scattering mechanisms taken into account
GHz for such detectors have been reported by several to solve Boltzmann's equation are optical and acoustical
groups 13-51 a direct comparison of theoretical and phonon, intervalley, and impurity scattering. The model
experimental results and a definite identification of the includes the r, X, and L minima of the conduction band
performance-limiting factors is still missing, so far. and the heavy-hole, light-hole and split-off valence band.

Here we present the first comprehensive experimental Carrier-carrier scattering and external parasitic effects
and theoretical analysis of the charge carrier transport in (capacitance) have not been included in this simulation.
MSM-diodes. The diode output was directly analyzed in During illumination lasting 70fs and terminating at

86
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t = 0 ps electron-hole pairs were generated with a depth pensation of the field across the entire space between
distribution anode and cathode after 2 ps. In this situation the col-

lection rates of electrons and holes are almost the same.
n(y) = No exp(- ay) (1) The output current decays to 30% of its peak value after

12 ps and then forms a long tail which extends over a
where No represents the density at the surface and a few 100 PS.

4.279 x 104cm -1 . The subsequent motion of these i Field screening becomes an even more severe problem
photogenerated electrons and holes to the anode and in the case of low external bias. For a bias of only 0.5 V
cathode, respectively, under the influence of the electric the weak internal field gets immediately screened even by
field and the stochastic scattering events is then calcu-
lated for successive 40 fs time intervalls. The repetitive 500
solution of Poisson's equation after every 40 fs effects o total current
that our analysis takes into account screening of the , oe current
electric field caused by spatial separation of the photo- , 400
excited electrons and holes. The simulation results '-
demonstrate the important impact of this screening on the 0. finger spacing 1.51rm
carrier collection rate at high intensities or low bias.The to carie denitoutput current is finally obtained by counting the net 0carrier density

number of particles absorbed by the electrodes during ' N =5.1 x 1015 cm- 3

each 40 fs time interval. Z I,
Owing to limitations in computer power and capacity, 200

the simulation of the transport has to be confined to , *'
10,000 individual particle pairs. Each simulated particle U
("superparticle") is an artificial object. When solving 0
Boltzmann's equation it is regarded as a single charge 0 100
carrier. For the recalculation of the electric field by " 0"
means of Poisson's equation and for estimation of the '.,
current, one superparticle is considered to consist of C I 1 " - 1 1
many real charged particles and the number depends on 0 10 20 30 40 50 60 70
the light pulse intensity.

The upper part of Fig. I depicts the temporal evolution TIME (psi
of the electron (o) current, the hole (x) current and the
total (.) current predicted by this model for an MSM - total current
diode with a finger separation of 1.5 pm and a bias volt- o electron current
age of 2V at a relatively modest excitation level of - hole current

5. 1 x 1015 cm-3.The time dependence of the total current 4000 finger spacing 1 5 pm
(.) exhibits a first rapid decay (l/e-time 8 ps) which can W U0 = 2V
be attributed to the electron sweep-out and a second slow carre n
decay (l/e-time 30 ps) which results from the hole ,0
sweep-out. The signal rise time and the full-width at 3000 N = 5.1 1016 cm 3

half- maximum amount to 4 ps and 11 ps, respectively. -
The curves in the lower part of Fig. I calculated for a cc

cc

carrier density of 5.Ix10 16 cm-3 reveal considerable 2
0 2000changes of the carrier transport at higher intensity levels. 0

The model predicts an initially faster decay of the o
photocurrent compared to the situation at lower excitation
and a sub-stantial slowing down of the transport after 1000
about 25 ps. At these later times the electron and hole
population decays coincide. This behavior is explained
by the for-mation of a field-free region near the anode -- ,
originating from the initial spatial separation of electrons . - .
and holes which tends to screen the electric field between 10 20 30 40 50 60 70

the anode and cathode. This field screening becomes TIME fPSI

important when either the electric field is small (small
bias or large finger separation) or the excitation density is Fig. 1: Theoretical evolution of the electron (o), hole
high. (x), and total current (.) in the MSM photodiode (finger

At a further 10-fold increase of the excitation density separation 1.5 pm, bias voltage 2V) for two different
(i.e. at 100 times the intensity applied in the upper part of excitation densities of No = 5. Ix 101s cm- 3 (upper part)
Fig. I) the transport properties are totally governed by and No = 5.1x 1016 cm 3 (lower part) as predicted by the
screening effects which lead to an almost complete corn- Monte Carlo calculation.
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the relatively low carrier density of 5. 1x 10' 5 cm- 3. The derived from a dispersion-compensated colliding-pulse-
current curve exhibits only a small peak sitting on top of mode-locked dye laser (wavelength 620 nm, repetition
a long pulse. Again no difference for the collection rates rate 116 MHz). The time resolution was determined to be
of electrons and holes is observed. In this case and in 0.8 ps and 0.3 ps for photoconductive and electro-optic
that of the very high excitation the screened plasma sampling, respectively.
diffuses into the region under the anode so that a small The curves in Fig. 2 show the photocurrent signal ver-
amount of holes can escape through the anode via sus time delay between exciting and sampling pulses as a
scattering. result of photoconductive (lower curve) and electro-optic

The current pulse narrows noticeably if the finger sepa- (upper curve) sampling for an MSM-diode with 0.5 pm
ration is reduced to 0.5 pm. For an excitation density of finger separation (bias voltage 2V). In the case of photo-
N = 5.1x 1015 e-h pairs/cm 3 and a bias of only 0.5 V, the conductive sampling the slow rise of the photocurrent is
electron and hole parts of the current are temporally sepa- caused by a tail in the photoconductivity of the damaged
rated because of the higher field strength in the device. GaAs. If we neglect this part of the photocurrent curve
The pulse exhibits a rise time of 1.8 ps, a fast and slow the rise time amounts to 2.4 ps. which is longer than the
decay time of 4.5 ps and 20 ps, respectively, and a 1.7 ps rise time measured in the case of electro-optic
FWHM of 6.3 ps. Thus, the computed speed of the sampling (Fig. 2, upper curve). The deviation is attrib-
detector is significantly higher than that of the 1.5 pm uted to pulse dispersion on the 2.5 mm propagation
detector in spite of the 25% smaller average electric field distance in the case of photoconductive sampling and to
between the anode and the cathode. The faster carrier the better time resolution obtainable with electro-optic
collection is explained by the shorter transit times. The sampling (0.3 ps).
response, in particular the hole sweep-out becomes still
faster if the bias is increased to 2V.

If the excitation density is increased to 5. 1x 1016 e-h P. 0.4
pairs/cm 3 at the surface, the field screening reappears a 0.6
also in the 0.5 pm diodes (bias 2V). Both the electron m m,-....
and hole current are slowed down but the reduction of 0.3 W
the response speed is much less than in the 1.5 pm struc- O 0.4 K D

tures owing to the higher field in the device. Ai ON A

After another increase of the intensity by a factor of 10 0.2
(the excitation density now becomes 5.1x10 17 e-h 0 02
pairs/cm 3) the screening is complete in the narrow Z
structure, too. The electron and the hole current coincide. 0.

The decay of the current, however, is faster owing to the 0 0.11
shorter transit time of the 0.5 pm diodes. C1

0

Experimental Results 0 20 40 60 0
TIME DELAY [psi

The diodes have been fabricated by means of electron

beam lithography on bulk LEC-GaAs using Ti/Pt/Au as Fig.2: Photocurrent vs. time delay for a GaAs-MSM-
the Schottky contacts. The diodes under investigation diode obtained by photoconductive (lower curve) and
had an active area of lox 10pm 2. and typically 0.5/1pm electro-optic (upper curve) sampling (bias voltage 2V.
wide fingers with 0.5/1.0 pm distance between them. finger distance 0.5 pm). The inset shows a top view of
The diode sensitivity is 0.2 AIW at 3V and 825 nm the integrated GaAs chip.
wavelength with 40% of the area covered by the metal
fingers.

For photoconductive sampling of the diode response,
the photodiode was integrated with a photoconductive Figure 3 depicts the response of a 0.5 pm diode (bias
switch on the same GaAs chip which was locally ion 2V) to a time-averaged incident light power of 12 pW
damaged (see inset of Fig. 2) with a total dose of and 200 pW corresponding to electron-hole pair densities
4.11 x 1014 H+ cm- 2. The GaAs carrier lifetime was thus of 1.3x10 16 and 2.2x 1017 per cm 3 at the surface. respec-
reduced to 0.8ps. The transmission line consists of two lively. The photoconductively sampled signal has a rise
5 pm wide strips with 10 pm spacing. The 5 Pm wide time of 2.4 ps. independent of the excitation level and a
sampling strip is located at 2.5 mm distance from the FWHM which grows continuously from 8.6 ps (for
diode. No = 1.3x10 1 6 /cm 3) to 12.3 ps (for No = 2.2xlO 7/cm 3)

Besides photoconductive sampling, we applied also with increasing intensity. The fast initial decay times are
electro-optic sampling with a small LiTaO3 tip 181 pres- 5.3 and 10.7 ps for the two intensities. Thus, the
sed against the transmission line at a distance of 100 pm relevant time constants grow with light intensity in the
from the diode. Excitation of the diode and photocurrent studied interval whereas the Monte Carlo simulation
sampling were performed using the 70 fs optical pulses predicts a decrease of the electron pulse duration when
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1 .2- 1 1 1 ity of the two structures to screening. This presumption
GaAs MSM-Diode is supported by results measured at ten times lower in-

Itensity (9 pW average power focused to the detector sur-
08 1.3x1O' 6e-hpairs/cm' face). Under the latter conditions the FWHM of the maino0.8-

-- -- 2.2x0'17e-h pairs/cm' current peak amounts to 7.8 and 10.5 ps for the 0.5 gm
,- 0.6 - . and the 1 pm structures, respectively. The residual lack

of response speed of the 0.5 pm structure is most likely.4 due to the much steeper decrease of the electric field with0 growing distance from the surface compared to the 1 pm
0.2- diode. Thus, a larger fraction of the electrons is gener-

0ated in low field regions. If the field strength in these
Z regions falls below that required for transport at theo.2 - ,saturation velocity the collection of the electrons takes

- 10 0 10 20 30 40 50 60 much longer. This problem becomes even more severe if
Time (ps) one takes into account the easily attainable screening of

low fields.
Fig. 3: Photocurrent response of a 0.5 pm diode (bias
2V) measured by photoconductive sampling for two -60 P
different excitation densities. E

<45- .j
1.2- z

GaAs MSM-Diode 2I::: 130- ,
19x10' 5 e-h pairs/cm,~ ~ ~~"n 2-o.,,.V "

-0.- •15- 0
" 0.8- 0 Q. J

N : 0
V in/4V-

--- W .-.

0.2- 01
Z 0.2- W 0 , -'W020 4
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Time (ps)
Fig. 5: Theoretical evolution of the total current (solid

Fig. 4: Variation of the photocurrent pulse shape with line) in the MSM photodiode (finger separation 0.5 pm,
finger separation for two diodes with the same ratio of bias 2V) and experimental photocurrent curve (.)
bias voltage and finger distance. measured by electro-optic sampling.

In Fig. 5 we depict a comparison of experimental data
the carrier density at the surface is increased from with theoretical predictions. The time dependence of the
5.1x101 5 to 5.1x10 16 e-h pairs/cm 3. As we have ex- calculated photocurrent (solid line) is shown together
plained above, such shortening of the first peak may be with the experimental photocurrent curve measured by
caused by field screening at the higher density. electro-optic sampling on an integrated GaAs sample
Obviously this effect is not observable in the (diode finger separation 0.5 pm. bias 2V).
experiments. The origin of the discrepancy is not fully Excellent agreement between experiment and theoryunderstood at present. It may be probably due to can be observed except for a long tail in the measured
increased carrier/carrier scattering at higher densities. photocurrent which is not predicted by the theory and the
The latter process is not considered in the MC- origin of which is not yet understood. The measured rise
simulations. time of the photocurrent amounts to 1.7ps (10-90%), the

The change of the shape of the collection current with first rapid decay to 4.5 ps and the second slow decay to
an increase of the electrode separation d from 0.5-1 pm 10 ps.
at "fixed" average electric field (fixed ratio of finger dis- By changing the bias voltage or the carrier density. we
tance d and bias) and constant intensity (90 pW of investigated the influence of field screening on the photo-
average power) is displayed in Fig. 4. The increase of d current curves of diodes with 0.5 pm and 1.2 pm finger
by a factor of 2 leads to a broadening of the FWHM of spacing. Dependent on the experimental conditions the
the pulse from 9.8-11.2 ps, considerably less than the photocurrent curves yielded first and second decay times
factor of 2 expected from the geometrical lengthening of in the order of 4.5-10 ps and 10-50 ps, respectively, and
the path. This may be partly due to the different sensitiv- FWHM values of 6-14 ps.
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Finally, we studied the variation of the photocurrent time resolution is not influenced by the diode's intrinsic
response as a function of temperature. For these experi- capacitance C, which was estimated to be 6fF t I ],
ments the diode (finger spacing: 0.75 pm, bias 4V, No = corresponding to an RC time constant of 600 fs (trans-
3.5x 1016 cm- 3 ) was mounted in a He-cryostat and the mission line impedance R -100 (1), about a factor of 3
photocurrent pulse shape was analyzed by photoconduc- below the shortest rise times. Consequently, the photo-
tive sampling, current rise and fall times are determined by carrier
Figure 6 shows the measured signal at 300 K, 100 K transit time effects.
and 10 K. Screening of the electric field by the electron- Fourier transformation of the experimental photo-
hole plasma is expected to play a minor role at the chosen current curves in Figs. 5 and 6 (100 K curve) yields a
carrier density. The signal rise time (2-3ps) is almost frequency bandwidth of 50 GHz (3dB point) and 75
con-stant for all measurements and corresponds to the GHz, respectively, if the long tail is neglected. These
time resolution limit of the photoconductive sampling, values are distinctly lower than the value of 105 GHz
The FW HM decreases continuously from 10.8 ps at 300 reported by van Zeghbroeck et al. 131. The origin of this
K to 5.6 ps at 100 K. Between 100 K and 50 K the discrepancy is not clear. The Monte Carlo calculation
diode's signal shape remains almost unchanged. Further predicts, however, a non-negligible influence of field
cooling increases the FWHM again from 5.6 ps at 50 K screening on the response current for the values of the
to 11. 1 ps at 10 K. intensity and bias voltage given in Ref. 131.

Conclusion
1.2 i iGaAs MSM-Ditotc0.75am fiiger dislancc.4 Voagc In summary, we have studied the carrier transport in

.5.S 10e" c-h pir/, ,,, GaAs MSM-photodiodes after excitation with an ultra-
.5I" short light pulse. We have demonstrated that the electron

, 0.6-- IUK Tep and hole contributions to the photocurrent are nearly• 0.6---- IWKT m

. - - 3Km separated in time. The response speed at low excitation
0.4- "densities is limited by optical phonon scattering. Field

screening effects become important at higher intensities
02 ".- or low bias voltages.

0- In order to prevent space charge induced deterioration
0 2of the response the detector should be operated at high

2002 0 bias levels (>2V) and the optical pulse energy has to be-10 0 10 20 30 40 50 60 limited to 100 0. Fortunately, these requirements which
Time (ps) have been ignored in previous theoretical and experimen-

tal work concerning the characterization of MSM diodes

Fig. 6: Normalized photocurrent vs. time delay for a will be surely achieved in future high bit rate optical
GaAs MSM diode (finger distance 0.75 pim) at a communication systems. Ensemble Monte Carlo calcula-
temperature of 300 K, 100 K and 10 K. Excitation tions support our experimental data.
density 3.5x 1016 e-h pairs/cm 3. References

The high H' implantation dose of the photoconductive 1. W.C. Koscielniak, J.-L. Pelouard, and M.A.
switch serves for a high concentration of deep defect Littlejohn, "Intrinsic and Extrinsic Response of GaAs
states. Thus, a variation of the time resolution of the Metal-Semiconductor-Metal Photodetectors", IEEE
photoconductive sampling with temperature due to multi- Photonics Technology Lett. 2, 125 (1990).
pIe trapping of carriers in shallow traps can be excluded 2. W.C. Koscielniak, J.-L. Pelouard, and M.A.
191 and the shortening of the signal between 300-100 K Littlejohn, "Dynamic Behaviour of Photocarriers in
can be definitely attributed to an accelerated depletion of GaAs Metal-Semiconductor-Metal Photodetector with
the diode after photoexcitation. This experimental finding Sub-Half-Micron Electrode Pattern", Appi. Phys.
can be explained by the increase of the electron drift Lett. 54, 567 (1989).
velocity at lower temperatures because of a significant 3. B.J. van Zeghbroeck, W. Patrick, J.-M. Halbout,
reduction of intra- and intervalley phonon scattering. The and P. Vettiger, "105-GHz Bandwidth Metal-
phonon scattering rates drop in accordance with the Semicon-ductor-Metal Photodiode", IEEE Electron
decreasing population of LO, LA and TA phonon modes Device Lett. 9. 527 (1988).
with temperature. The model of intra- and intervalley 4. W. Roth, H. Schumacher, J. Kluge, H.J. Geelen.
phonon scattering predicts, however, an almost constant H. Beneking. "DSI Diode - A Fast Large-Area
electron drift velocity for T < 70 K. The rapid increase of Optoelectronic Detector". IEEE Transactions on
the response time observed for T < 50 K can be attrib- Electronic Devices 32, 1034 (1985).
uted to the dominating contribution of ionized impurity 5. M. Lambsdorff, M. Klingenstein, J. Kuhi, C.
scattering at low temperatures 1101. Moglestue. J. Rosenzweig, A. Axmann, Jo.

This result confirms that the measured response at Schneider. J. Hiilsmann, H. Leier. and A. Forchel.
room temperature is limited by phonon scattering. The "Subpicosecond Characterization of Carrier



Picosecond Electronics and Optoelectronics 91

Transport in GaAs-Metal-Semiconductor-Metal 9. Th. Pfeiffer, J. Kuhl, E.O. Gobel, and L.
Photodiodes", to be published in Appl. Phys. Lett., Palmetshofer, "Temperature Dependence of the
April 1st, 1991. Picosecond Carrier Relaxation in Silicon-Irradiated

6. C. Moglestue, "A Self-Consistent Monte Carlo Silicon-on-Sapphire films", Journ. of Appl. Phys.
Particle Model to Analyze Semiconductor Micro- 62, 1850 (1987).
components of Any Geometry", IEEE CAD-5, 326 10. M. Klingenstein, J. Kuhl, J. Rosenzweig, C.
(1986). Moglestue, and A. Axmann, "Transit Time Limited

7. C. Moglestue, J. Rosenzweig, J. Kuhl, M. Response of GaAs Metal-Semiconductor-Metal
Klingenstein, M. Lambsdorff, A. Axmann, Jo. Photodiodes", be published in Appl. Phys. Lett.
Schneider, and A. Hulsmann, "Picosecond Pulse (1991).
Response Characteristics of GaAs Metal-Semicon- 1I. G.D. Alley, "Interdigital Capacitors and Their
ductor-Metal Photodetectors", to be published in Application to Lumped-Element Microwave
Journ. of Appl. Phys. (1991). Integrated Circuits", IEEE Transactions on

8. J.A. Valdmanis, "I THz-Bandwidth Prober for Microwave Theory and Techniques, MTT-18. 1028
High-Speed Devices and Integrated Circuits", (1970).
Electronics Letters 23. 1308 (1987)



Ultrafast Graded Double-Heterostructure p-i-n Photodiode

D. L. Crawford, Y. G. Wey, K. Giboney, J. F_ Bowers, and M. J. Rodwell

Department of Electrical and Computer Engineering, University of California at Santa
Barbara, Santa Barbara, California 93106

P. M. Sylvestre, M. J. Hafich, and G. Y. Robinson

Centerfor Optoelectronic Computing Systems and Electrical Engineering,
Colorado State University, Fort Collins, Colorado 80523

Abstract graded double heterostructure design is used
leading to observation of state-of-the-art

A 5 gim x 5 lam double heterostructure InGaAs/InP photodiode impulse responses.

pin photodiode is reported with a measured In order to attain high speed operation from pin

response of 5 ps and a deconvolved device photodiodes, several issues must be addressed.

impulse response of 3.8 ps. The double The absorbing layer thickness of the device is

heterostructure employed reduces carrier designed to achieve the optimum impulse

diffusion and the graded heterobarriers play a key response by trading off transit time with device

role in optimizing the device response speed by parasitic considerations. Essentially, the device

minimizing charge storage and device series capacitance must be minimized, therefore the

resistance. device area must be scaled to small dimensions.

However as the device area is scaled, the optimum

absorbing layer thickness to achieve high speed
Introduction operation reduces, therefore imposing detrimental

consequences on the device quantum efficiency.
High speed photodiodes play a crucial role in many Figure 1 demonstrates the combination of these
applications including optical communication

systems and high speed optical measurement 6001

techniques. To date, the fastest impulse -oo.. PM mxm P " >
Device

response for any photodiode was reported by .400 -" 1
30 "- v =4.0 1oc' .- 0.6" E

Wang et al., (1), who observed an 8.5 ps FWHM .- 1 =.06 Cmi
'. ." iT =14.0 - .

PM *. / 5p ~ PM 2.15Sm' -04Eresponse from a GaAs Schottky photodiode. In C 200 - Device (at 1.06 m) a..-

the InGaAs/InP material system the shortest 10 .. x 100M .0.2
in 100- Device

measured response was demonstrated by this 0 - 0
group, (2), in an InGaAs/InP single heterostructure 0 0.2 0.4 0.6 0.8 1Absorbing layer thickness (pr)

pin photodiode. This paper describes an

improved device deisgn in which an InGaAs/InP Figure 1 Pin photodlode design curves
92
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effects and clearly, compromises must be made, * electron

these being primarily dependent upon the system0 hole

application. Similarly, the device series resistance 7 1

must also be minimized and so highly doped P '"'u

contact layers are necessary. storage

To minimize the photogenerated carrier transit hole

time across the device absorbing region, the storage N

material structure is designed to ensure the nature

of carrier transport is drift at the respective

saturated carrier drift velocity and that the

inherently slower diffusion transport mechanism is Figure 2. Band diagram demonstrating
avoided. It is at this point that the carrier storage In the ungraded double

conventionalsingle heterostructure high speed heterostructure pin diode

pin photodiode design falls short. In these

devices, the absorbing layer is typically thin to

optimize high speed performance, and some

carriers are optically generated within the highly

doped InGaAs contact region in a diffusion length Material and Device Structure

of the homojunction interface. These carriers then

diffuse in a finite time into the vicinity of the electric The material structure, shown in Figure 3, was

field where they are swept across the absorbing grown by Gas Source Molecular Beam Epitaxy on a

region, thus slowing the device response speed. (100) InP substrate at a growth temperature of

However in eliminating this effect by incorporating 500 *C.

a double heterostructure design, careful attention

must be paid to the resulting InGaAs/InP

heterobarriers. Carriers may become trapped in p Gn ._,

the InGaAs absorbing region at the heterobarrier InGaAs .6nm

interfaces where they must tunnel or be InP 1.2nm n GBL

thermionically emitted to escape, as shown in thenPO9nm InGaAs InnslnP 0.37I1P InPn I0.6nm~

band diagram of Figure 2. This is particularly a InGaAs 1.2nm

problem for holes in this material system since the In+ ... lna 1.6nm

valence band discontinuity is large and the hole InGaAs 1.2n; n+ InP InGaAs 1.2nm

InP 0.3nn InGaAS InP 0.gnm

effective mass is large. To address this problem, InGaAs 0.6nn

the devices reported here have a graded SllnP InP 1.2nm

heterointerface. I nGaA .6nm

Figure 3. Material structure grown by

GSMBE
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The P2 and As2 beams were produced by Furthermore, this structure permits integration of

thermal decomposition of arsine and phosphine a bias tee arrangement which may be used when

gases and the dopants employed were Be and Si. operating the device under reverse bias

The epitaxial layers are composed of a 5 nm conditions. This feature is important, since in high

lnGaAs etch stop layer on which was grown a frequency operation, the bandwidth limitation of

370 nm InP n+ (8 x 1018 cm3 ) layc.,, and a 66 nm commercially available bias tees may ultimately limit

graded band gap layer (GBL) composed of four the device performance.

pairs of alternate (increasing in thickness) InGaAs The processing of these devices is achieved in

and (decreasing in thickness) InP layers. An five simple process steps. First of all, the device p-

unintentionally doped 190 nm InGaAs absorbing type metal contact is formed by evaporating a

layer was then grown, followed by four pairs of Ti/Pt/Au combination onto the p+ InGaAs layer.

alternate (decreasing in thickness) InGaAs layers This metal is then topped with Ni which is used as

and ( increasing in thickness) InP layers and a the sell aligned etch mask to etch the .. vices into

280 nm p+ ( graded in doping from 1 to 3 x individual mesa structures using Cl 2 reactive ion

1018 cm -3 ) InP layer. Finally a 190 nm p+ (5 x etching. The InP n-type layers (common to a row

1019 cm-3 ) InGaAs contact layer was grown. This of devices) are then patterned into mesa

layer structure was designed to achieve optimum structures by wet-etching in HCI:H 20, and the n-

device response for a 5 jim x 5 Im device area. type contact metal AuGe/Ni/Au is e-beam

Pin photodiodes were then fabricated into the evaporated onto these mesas. A 180 nm SiN x film

structure shown in Figure 4. is then deposited by PECVD to passivate and

This design permits device scaling to very small isolate the device. Finally, a 250 nm Au layer is

areas since the device is contacted via a 50 Q evaporated onto the sample to form the coplanar

coplanar waveguide structure, which is therefore waveguide structures which are patterned by lift-
off. The InP substrate is chemically and

impedance matched to the load resistor.
mechanically lapped to ensure optical

smoothness, and the substrate is coated with an

anti-reflecting coating of SiNx which is sputter
Silicon Nitride deoitd, deposited.

Photodetecto 1

Au Ground Testn
N+ InP 'lne IF Dvc-etn
Mesa

The quantum efficiency of the devices is
Au Center measured to be 31 %. The reverse breakdown
Conductor

Au Ground voltage is 6 V and the leakage current is 40 nA at 1
Plane S.1. InP V reverse bias.

The device response speed was characterized

N by electro-optic sampling, in which 1.06 Im 2 ps
Metallizatlon FWHM pulses from a mode - locked, pulse

compressed Nd:YAG laser were used to excite the

device under test. The electro-optic sampling

Figure 4. Photodetector Device Strucure system set-up is shown in Figure 5.
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a" 2ps resulting deconvolved device impulse response isFWHM FWHM

shown in Figure 6 (dotted line), and is observed to

Nd:YAG Laser Compressor be 3.8 ps FWHM.
From Figure 1 it is clear that devices of area

greater than 5 Im x 5 gim are limited by RC effects
Oclop in the speed of operation, when the absorbing

probe k odulator layer thickness is only 190 nm. This effect is
i Bedemonstrated in Figure 7 where the impulse

Presponse of devices of different areas is
k4 compared. The experimentally derived impulse

Under Phouo lver response is clearly in reasonable agreement with
stao• the theoretical curve.

30
Figure 5. Electro-optic sampling .... Theoretical

system set-up 25 * Deconvolved FWHM (ps)

u) 20
The measured response from a 5 im x 5 gim . 20

device at 2 V reverse bias is shown in Figure 6. 15
This measured signal (solid line) is simply the ; 10

correlation of the convolution of the detector u. 0.....,

impulse response with the excitation signal. Thus, .

the detector impulse response may be obtained 01'0 100 1000

by deconvolving the autocorrelation of the optical Area (g m 2)

pulses from the measured response. The
Figure 7. Device response speed as a

function of device area
-5 ummary

-5 psHigh speed graded double heterostructure pin
4 phtotdiodes have been demonstrated to have

) .8state-of-the-art impulse responses. Further

optimization of the device material design will result
.. - in increased operating speeds and will take high

. . . speed operation into the regime of 100's of GHz.

0 10 20 30 40 50 Aknowledgments
Time (ps)

Figure 6. Measured (solid line) and This work was sponsored by the DARPA, RADC
deconvolved Impulse response (dotted and the Office of Naval Technology Block Program
line) of a 5 pm x 5 pm pin photodlode on Electro-Optics Technology.
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Picosecond Metal-Semiconductor-Metal Photodetectors with
Sub-100-nm Finger Spacing and Finger Width in GaAs

Yue Liu, Paul B. Fischer, and Stephen Y. Chou

Department of Electrical Engineering, University of Minnesota,
Minneapolis, Minnesota 55455

Abstract In this paper, we report the fabrication of GaAs MSM
photodetectors with finger spacing and finger width

We have fabricated metal-semiconductor-metal photo- smaller than 100 nm, which are, to our knowledge, the
detectors with sub-100-nm finger spacing and finger smallest ever reported. The DC characteristics show
width on MBE-grown GaAs, which are, to our that the devices have a low dark current (< 40 nA) and a
knowledge, the smallest ever reported. DC measure- high sensitivity (0.2 A/W). A theoretical analysis and
ment shows that they have low dark current and high Monte-Carlo simulation results are also presented,
sensitivity. Monte-Carlo simulations demonstrate that which indicate a sub-picosecond operation.
the response time of the photodetectors for a 30 nm
finger spacing can be as short as 0.4 ps, and the cut-off
frequency can be over 1 THz. Fabrication

The MSM photodetectors were fabricated on a 0.4 .tm
Introduction thick undoped GaAs layer grown, using MBE, on a

semi-insulating GaAs substrate with an AIGaAs/GaAs
Metal-semiconductor-metal (MSM) photodetectors are superlattice in between. The metal (Ti/Au) Schottky
very attractive for optical fiber communication systems barrier contacts were fabricated on GaAs by using
and high-speed chip-to-chip connections[ 1-41 . MSM electron beam lithography and a lift-off technique. Two
photodetectors have several advantages over p-i-n layers of polymethylmethacrylate (PMMA) were spun
photodiodes [5 l, such as higher sensitivity-bandwidth on the GaAs layer with high molecular weight (950K)
product and compatibility with large scale FET layer on top and low molecular weight (100K) layer at
integrated circuit technology. For high speed the bottom. After spinning, each layer was baked at
applications, it is very desirable to make spacing and 160C for about 12 hours. The double layer resist is

width of interdigitated metal fingers small [6 -8 1. In a used for achieving a good undercut profile suitable for

GaAs crystal, the intrinsic response time of an MSM the lift-off technique. Interdigitated line patterns were

photodetector with finger spacing less than 200 gm is exposed in the resist using a high resolution electron

determined by the electron transit time, since the carrier beam lithography system at a beam energy of 35 KeV

recombination time is longer than the transit time. The and at various doses, and developed in

smaller the spacing, the faster the MSM photodetector. cellosolve:methanol (3:7) developer at 20'C for 7

On the other hand, reduction of finger widths will speed seconds. Details of the electron beam system and

up operation due to reduced capacitance[ I 11. lithography process have been described elsewhere[ 12].

Previously, MSM photodetectors with finger spacing After exposure and development, metals (Ti/Au) were

and width greater than 0.5 pm have been reported.[2 ,7 - evaporated onto the samples and were lifted-off in
acetone. The basic processing sequence is illustrated in

101. The fastest GaAs MSM photodetector was Fig. 1.

fabricated by Van Zeghbroeck et a! [101 which has a Fig. 2 shows scanning electron micrographs of MSM
finger spacing of 0.5 gm and a finger width of 0.75 photodiodes with different active areas and finger
gm. The response time is 4.8 ps and an overall structures. The smallest line spacing is 30 nm, which
bandwidth is 105 GHz. is shown in Fig. 2(b).
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DC characteristics (a)

The dc characteristics of a GaAs MSM photodetector is
shown in Fig. 3. The dark current of photodetector is
typically 40 nA for a device area of 15 4tm x 15 g±m.
and is determined by the properties of GaAs layer. The

Fabrication steps

MB3E grown 77

undoped GaAs
SI GaAs Substrate

(1) ME3E growth

________________ Ga -Bilayer PMMA

SI GaAs Substrate

(2) Spin bilaverPMMA (100K 3% and 90K 2%)

Undocd G~s -Bilayer PMMA

SI GaAs Substrate

(3) Direct electron beam exposure using a
modified JEOL 840 SEM

Und=C Ga~sFigure 2. Scanning electron micrographs of GaAs MSM
S I GaAs Sbtaephotodetectors of (a) finger spacing and width 160 nm and

40 nm. total detection area 14.5 gm x 15 gin. and (b) 70
__________________ -ilaer MMAnm wide Ti/Au lines with 30 nm spacing on GaAs.

(4) PMMA development.
2-ethoxyethanol: methanol processIF(A

___Metal ..0
--NO R Bilayer PMMA .Undoved GaAs

SI GaAs Substrate __ __ -

(5) Electron beam evaporation of Ti/Au0_

Undoced GaAs iueCretvlaecaa-si:o nS

SI GaAs Substrate -emo@.o

(6) Acetone lift-off

Figure 1. Basic steps for fabricating sub-100-nm linger photodetector for different light intensities. Current is
spacing and width MSM photodetectors 100 nA/div and voltage 0.2 V/div.
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sensitivity of the devices is about 0.2 A/W. A characterized by a single scattering time constant, which
passivation layer can be coated onto the devices to is so chosen that it is self-consistent with the measured
prevent surface oxidation and minimize the light parameters (electron and hole mobilities) of GaAs
reflection, therefore improving the dark current and sample.
sensitivity. The I-V characteristics do not show Figure 4 shows the Monte-Carlo simulation of (a) the
saturation because of the surface recombination centers. intrinsic current of photodetector and (b) the external

Theoretical analysis current after introducing the parasitic capacitance. The
parasitic capacitance of our devices was calculated using

A Monte-Carlo simulation program has been developed conformal mappings[I I1, and the capacitance per finger
for calculation of electron transit time. Several length is 0.08 fF/jim for an MSM photodetector with
assumptions were made in the simulation: (1) The equal finger width and spacing. The slopes in the
optical pulse waveform is assumed to be a 8-function, intrinsic current profile are due to the assumption that
and the illumination is spatially uniform over the whole light is spatially uniformly illuminated over the whole
device. (2) Electric field is one-dimensional and devices, instead of only in the middle of two fingers as
uniform in the semiconductor, which becomes assumed by W.C. Koscielniak et al [6]. For a 30 nm
inaccurate for the case that finger spacing smaller than finger-spacing MSM photodetector, the intrinsic
the thickness of semiconductor layer and can be response time is 0.3 ps, the external response time is
improved by introducing a two-dimensional 0.4 ps, and the cut-off frequency can beover 1 THz.
analysis[ 13 1. (3) Electrons are not injected from metal By reducing the finger spacing, the intrinsic response
into the semiconductor over the Schottky barrier. (4) time decreases as shown in Fig. 5(a). But reducing
Scatterings from phonons, electrons, and impurities are finger spacing does not always lead to decreasing

external response time, because of increasing of the
(a) Intrinsic current parasitic capacitance which is determined by the ratio of

finger width to finger spacing. If this ratio is reduced, so

Finger width 30 nm is the parasitic capacitance per finger length, leading to

E 20 kV (a)
-10.0-

U

1.0.

4/A

0 0.2 0.4 0.6 0.8 1
Time (ps) Electric field in GaAs = 20 kV/cm

0.1 - 1 ,
(b) External current 0.00 0.20 0.40 0.60 0.80 1.00

Finger spacing (pim)
R = 50 Q
C= l fF (b)

16
" 14- Finger spacing

12i 3Onm. x 0.1 Pim
10

,' * 0.5 gm

~'4
0.2 0.4 0.6 0.8 1 "

Time (ps) f 2
0 I I I

Figure 4. Monte-Carlo simulation results of the intrinsic 0 5 10 15 20 25
and external current response for 30 nm finger spacing Electice field (kV/cm)
MSM photodetector, the electric field in GaAs is 20 kV/cm.
The parasitic capacitance of I if and the load resistance of Figure 5. Intrinsic response time vs. (a) finger spacing and
50 0 were used to calculate the external current. (b) average electric field.
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a faster external response time. Therefore, a proper 4. N. Yamanaka and T. Takada, "A 1.5 Gbit/s GaAs
scaling of MSM photodetectors requires shrinking the four-channel selector LSI with monolithically inte-
finger spacing and the ratio of width to spacing at the grated newly structured GaAs ohmic contact MSM
same time. photodetector and laser driver," IEEE Photonics

The response time is strongly affected by biasing Technology Lett., Vol.1, 310-312(1989)
voltage as show in Fig. 5(b). At low bias, photon- 5. Ch.S. Harder, B.J. van Zeghbroeck, M.P. Kesler,
generated carriers will move at a small drift velocity and H.P. Meier, P. Vettiger, D.J. Webb and P. Wolf,
give rise to a long transit time. During simulation, the "High-speed GaAs/AIGaAs optoelectronic devices
drift velocity is assumed to saturate at 2X10 7 cm/s. for computer application," IBM J. Res. Develop.,
However, in sub-100-nm MSM photodetectors, electron Vol.34, 568-583(1990)
velocity overshoot can occur which will lead to much 6. W.C. Koscielniak, J.L. Pelouard, M.A. Littlejohn,
shorter response time[ 15 , 16 1 . This unique feature of "Dynamic behavior of photocarriers in a GaAs
sub-100-nm finger spacing MSM photodetectors is not metal-semiconductor-metal photodetector with sub-
included in the simulation. half micron electrode pattern," Appl. Phys. Lett.

54, 567-569(1989)
Conclusion 7. M. Lambsdroff, J. Kuhl, M. Klingenstein,

C. Moglestue, J. Rosenzweig, A. Axmann,
By using high resolution electron beam lithography, we J. Schneider, H. Leier and A. Forchel, "Direct
fabricated MSM photodetectors with sub-100-nm finger observation of the electron and hole contributions
spacing and width, which are, to our knowledge, the in the impulse response of a metal-semiconductor-
smallest ever reported. DC measurement showed low metal Schottky diode," in Ultrafast Phenomena VI
dark current and high sensitivity. An autocorrelation (Monterey,CA, 1990), p.2 9 1-293
technique [ 14 ] is being used to study the high-speed 8. K. Nakajima, T. lida, K.-I. Sugimoto, H. Kan and
performance. The Monte-Carlo simulation showed that Y. Mizushima, "Properties and design theory of
the sub-picosecond response time can be achieved as the ultrafast GaAs metal-semiconductor-metal photo-
finger spacing shrinks below 100 nm. The parasitic detector with symmetrical Schottky contacts,"
elements will become very important to high speed IEEE Trans. Electron Devices, ED-37, 31-35(1990)
operation. By optimizing the device structure, however, 9. W.C. Koscielniak, R.M. Kolbas, M.A. Littlejohn.
one can minimize the effects caused by parasitic "Performance of a near-infrared GaAs metal-
elements to achieve the sub-picosecond response time. semiconductor-metal (MSM) photodetector with
For the 30 nm finger spacing and finger width MSM islands," IEEE Electron Device Lett., EDL-9 485-
photo-detector, the simulated intrinsic response time is 487(1988)
0.3 ps, but the actual time can be even shorter, because 10. B.J. van Zeghbroeck, W. Patrick, J.M. Halbout
of velocity overshoot. The external response time of and P.Vettigr, "I05-GHz bandwidth metal-
the 30 nm spacing device is 0.4 ps, and the cut-off semiconductor-metal photodiode," IEEE Electron
frequency is over I THz. Device Lett., EDL-9, 527-529(1988)
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2.0 ps GaAs Monolithic Photodiode and All-Electronic
Sampler

E. Ozbay, K. D. , and D. N. Bloom
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Abstract

An ultrafast GaAs Schottky photodiode
is monolithically integrated with an all-electronic
sampler. The high-speed photodiode/electronic-
sampling circuit has a temporal response of 2.0
psec corresponding to a 3-dB bandwidth of 150
GHz. The photodiode has an external quantum
efficiency of 33%. This is the highest speed
photodiode ever reported.

In~tf..d.fion In order to overcome these measure-
ment problems, we have pursued a monolithic

High-speed photodetectors play an im- approach. A GaAs based all-electronic sampler
portant role in optical communication and mea- is monolithically fabricated with a high-speed
surement systems.Photodetectors are made Schottky photodiode. Without deconvolution,
from many different materials, but onv GaAs we are able to measure a temporal response of
and InGaAs devices have been used as high- 2.0 psec FWHM, corresponding to a 3-dB
speed detectors. GaAs devices are sensitive bandwidth of 150 GHz.
only for wavelengths shorter then 890 nm. For Photodiode and Sampler Desi gn
longer wavelength high-speed applications,
InGaAs photodetectors are used. S.Y. Wang Because the fabrication technologies for
and D.M. Bloom [1] were the first to demon- 290 GHz bandwidth GaAs samplers [4] and
strate a GaAs photodiode with a 3-dB 100 GHz Schottky photodiodes are very simi-
bandwidth exceeding 100 GHz and a temporal lar, it is a simple step to combine the two de-
response of 5.4 psec. Later, Parker et al. [2] vices. Using the same process technology, we
succeeded in achieving up to 110 GHz perfor- designed our device to incorporate the photodi-
mance. For InGaAs photodetectors, Wey et al. ode, sampler and strobe nonlinear transmission
reported a 3.8 psec FWHM corresponding to a line (NLTL) on the same chip. Our samplers
bandwidth of 70 GHz [3]. All these results were fabricated on MBE-grown GaAs with a
have been limited by their measurement
techniques. The speed of the actual device had 0.3 lim thick N- active layer (1.2 x 1017 cm 3

to be indirectly determined by a deconvolution doping) on top of a 0.8 im N+ highly con-
of the system response from the measured data. ductive layer (3 x 1018 cm-3 doping).
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Interconnect The circuit schematic of the monolithic
Silicon Nitride Photodiode photodiode/sampler is shown in Fig. 2. The

Schottky Metal output of the photodiode is connected to the
N- sampler through a coplanar transmission line.

The step-like waveform produced by the NLTL
strobe is differentiated by the shorted trans-
mission lines, resulting in a voltage pulse

nsoltion across the sampler diodes. This turns on the

GaAs Substrate sampling diodes for the duration of this electri-
__S__________in __________t___ecal pulse and enables the sampling capacitors to

sample the photodiode signal on the transmis-
Figure 1. Diagram showing the cross section of sion line. The sampled signal is then filtered
the 5 x 5 I.tm 2 semi-transparent Schottky out by using resistors. The photodiode signal
photodiode. which propagates further on the transmission

line can be either terminated by a 50 ohm resis-
Photodiodes were then fabricated by tor or extracted through bond wires or mi-

using the top N- layer as the depletion region. crowave probes.
The relatively heavy-doping of this layer results High Frequency Measurements
in a punch-through voltage of 6.7 V. This
large punch-through voltage enables us to vary Pulses from a Spectra-Physics Nd:
the thickness of the photoactive region by sim- YAG modelocked laser were compressed in a
ply changing the bias voltage. fiber-grating compressor and frequency-A cross section of our Schottky photo- fibe-rtgcopsoradfquny

dioeoi s s in f oirSoc cots doubled in a KTP crystal before they were useddiode is shown in Fig. 1. First, ohmic contacts to excite our photodiode/sampler circuit. The
to the N+ layer are formed by a recess etch laser was modelocked at 82.16 MHz and pro-
through the 0.3 gtm N- layer followed by a duced 50 psec FWHM pulses. After com-
self-aligned Au/Ge/Ti liftoff and a rapid thermal pression, the pulse duration was 1.6 psec, pro-
anneal. Next, proton implantation is used to ducing 1.1 psec durations at 532 nm. The op-
define our active regions as well as to convert tical pulses then were focused on the photodi-
the rest of the epilayers to semi-insulating ma- ode. Sampling of the photodiode was done at
terial. 100 Angstroms of gold are then de- the 50th harmonic of the modelocker frequency
posited over the photoactive region to make the with a 10 Hz offset. This oversampling re-
semi-transparent Schottky contact. This last duced the sampler output by a factor of 50. A
step is the only additional photolithography buffer amplifier was used at the output of the
step that is needed for monolithic integration of sampler to increase its IF bandwidth. The re
the sampler and photodiode. Finally, intercon-
nect metal and silicon nitride are deposited. We suiting equivalent time waveform had a period
chose the thickness of the silicon nitride layer of 100 msec which corresponded to 242 psec
to act as an anti-reflection coating for the in real time.
Schottky photodiode.

Photodiode Sampler 3
Circuit Circuit

2

Bias Output FWHM 2.0 pa

a/~~ -1 ... ....... . . . . . .

,Rchottky Strobe
Photodiode NLTL -3

Sampled -4 L . . . ....
Output 0 10 20 30 40 so

Figure 2. Circuit schematic of the photodiode, tim (ps)

sampler and nonlinear transmission line Figure 3. Electronically sampled photodiode
(NLTL) strobe. output.
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The sampled output of the photodiode efficiency indicates an effective AR coating.
signal is shown in Fig. 3. By changing the re- The typical operating average photocurrent
verse-bias voltage, we found the minimum de- while using the sampler was kept below 2 p.A
vice response, or for our photodiode layout, its which corresponds to a peak current density of
optimum depletion width, at 4.5 V. This cor- 4.8 x 104 A/cm2 or a peak voltage of 0.6 V
responds to a 0.25 p9m depletion region. At this into a 50 ohm load.
bias voltage, we measured 2.0 psec FWHM
pulses. This is a direct measurement from the
sampler. It corresponds to a total system re-
sponse which includes contributions from the
photodiode impulse response, the sampler C.lJuIs.I1
aperture time, the laser pulse duration, the laser
timing jitter (< 600 fs), and the microwave We have fabricated a monolithic pho-
synthesizer jitter. todiode/sampler. The total response of the sys-

The Fourier transform of the measured tern was measured to have a FWHM of 2.0
output is shown in Fig. 4. The overall system psec and a 3-dB bandwidth of 150 GHz. The
response has a 3-dB bandwidth of 150 GHz. external quantum efficiency is found to be
We measured a responsivity of 0.15 A/W 33%. To our knowledge, this device is the
which corresponds to an external quantum ef- fastest photodetector.
ficiency of 33% at 532 nm (Fig. 5). Such high
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Picosecond GaAs Photodetector Monolithically Integrated
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Abstract todetectors (1,2,31 and recently-reported - 275 GHz-

bandwidth diode sampling circuits [4,5] are similar.
We have fabricated an optoelectronic sampling cir- Adding to the 3-mask sampling circuit fabrication
cuit for direct measurement of picosecond optical sequence [4] a single process step for semitransparent
waveforms. The monolithic device incorporates a Schottky contacts, we have fabricated an optoelec-
GaAs Schottky photodetector and a high-speed sam- tronic sampling circuit consisting of a GaAs Schot-
pling circuit gated by a nonlinear transmission line tky photodetector integrated with a high speed sam-
strobe pulse generator. Excited by an 850 nm model- pling bridge. With a measured 5.6 ps full-width-at-
locked dye laser, a 5.6 ps FWHM impulse response half-maximum (FWHM) impulse response, the de-
is measured; we estimate a deconvolved impulse re- vice permits direct measurement of picosecond opti-
sponse of approximately 4.5 ps FWHM. cal waveforms.

Introduction Circuit Description
The optoelectronic sampling circuit (Fig. 1) com-Photodetectors are fundamental components for bieaphtdeco(D)ndaidesplg

wideband optical instrumentation. In conjunction circi a to thtorted b duoe al g
withsamlin oscllocops, hgh pee phoodeec- circuit similar to that reported by Yu. et. al. [4]. Awith sampling oscilloscopes, high speed photodetec- noleatrsisonie(LT)6]cmese

tors provide measurements of optical waveforms oc-

curring in multi-GigaBaud optical transmission sys- an input strobe signal to - 1.5 ps falltime step-

tems, picosecond mode-locked lasers, and picosecond function. The strobe signal is then passed througha differentiating network, generating both positive
optical and optoelectronic devices. The measure-

ment bandwidth is limited by the 50 GHz bandwidth and negative impulses which gate sampling diodes
of commercially-available oscilloscopes, and by the (DI) and (D2). The photodetector (D3 ) is con-

nected to the sampling circuit input through a sec-
parasitic responses of the photodetector package and tio o the coplnr uie inpt thisc-
connectors. Because of this limited bandwidth, the tinated a mpl igiru i b8O

pulse durations of picosecond mode-locked lasers are istrsinRte an the CpW sorce intion r0-
instad etemine thoug mesureent ofthe resistors (R3) and (R4); CPW source termination re-instead determined through measurements of the

laser second-harmonic intensity autocorrelation; but sistors (RI) and (R), also 80Q, provide a near-zero
pulse shapes cannot be determined from autocorrela- photodetector source reflection coefficient, suppress-
tions, and more general optical signals (e.g. multiple ing secondary reflection of any small pulse reflec-tion, ad mre enerl oticl sgnal (eg. ultple tion from the sampling circuit. The low (20(1 design
pulses, sinusoidal or pulse-code modulation) cannot vaue po etectarpload reita the

be measured. value) photodetector load resistance increases the

The fabrication processes and device geometries system bandwidth. During the sampling aperture
required for 100 Gliz Schottky-barrier GaAs pho- time, the complementary strobe impulses drive thesampling diodes into forward bias, and the photocur-

"0n ieave from Shimadzu corporation, Kyoto, Japan. rent signal partially charges the coupling capacitors,
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T (6 x 101 8cm- 3 , 1pm thick) N + layer is grown by
c molecular beam epitaxy. This serves as the diode

Blas NWWW DI - sa W cathode connection. A surface N- active layer
02 6 amoup (425 nm thick), with an exponentially-graded hyper-
c3 R4 2 abrupt doping profile (6 x 101Scm- 3 surface doping,

225 nm grading constant), is then grown. Ohmic
contacts to the N+ layer are formed by a 0.5 pm
recess etch through the N- layer, a self- aligned
AuGe/Ni/Au liftoff, and a subsequent rapid ther-
mal anneal. Measured contact resistance and N+
layer sheet resistance are 302-pm and 9Q2 per square,

Tmnmar both larger than design values (20f2-pm and 7.5Q2Transmissionl
srobe Line per square) based upon previous process data [4].
G ,mr Proton implantation converts the N + and N- layers

to semi-insulating material, determining diode junc-
tion areas and defining resistors in the N+ layer. A

Figure 1: Schematic diagram of sampling circuit dual-energy implant, at 180 keV (1.7 x 1015 cm- 2 )
with photodiode. and 110 keV (4 x 101 cm-2 ), is used to penetrate

the combined N + and N- layers. During implan-
tation, the diode regions and resistors are protected
by a 1.6 pm Au on polyimide mask.

In the photodetector, reducing the depleted N-
layer thickness decreases the carrier transit times
but increases the detector capacitance. For a given

MraJo o"Vh ItefwonnlCt TrantMetal detector junction area and given parasitic and load
tol Metal resistances, there is an optimum N- layer thickness

(approximately 150 nm for a 5pm x 5pm junction)
SgxXXX -- N. -which optimizes the detector bandwidth. In a single

1 siself-aligned step, the photodiode region is therefore
Undamaged activ Matera recess etched to leave a 150 nm thick N- layer be-

(a) (b) fore deposition and liftoff of a 10 nm Ti/Pt semi-
transparent Schottky contact. The Ti/Pt contact

Figure 2: Structural diagrams of the hyperabrupt has 20% optical transmissivity and 4902 per square
Schottky diodes used in the sampling circuit and sheet resistivity. The active photodiode region is the
NLTL, (a), and of the semitransparent Schottky 5pm x 5pm area where the semitransparent metal
photodetector, (b). overlaps the unimplanted N- material; the semi-

transparent metal and ohmic contact are separated
by 3pm. Completing the process, interconnections

(C1 ) and (C2 ). The resulting voltage change is cou- and Schottky contacts for the sampling circuit and
pled to the sampled (IF) output through the iso- NLTL diodes are formed with a 1.1pm Ti/Pt/Au
lation resistors, (R&) and (R6). A photodetector liftoff.
bias network is also integrated on the wafer. To
simplify processing, instead of using thin-film dielec- Results
tric capacitors, all capacitors are implemented using
reverse-biased Schottky diodes. The devices were tested on a microwave wafer probe

station. An 80 MHz pulse train from a mode-locked
A = 850 nm dye laser is focused on the photodetec-

Device Fabrication tor through the objective lens of the probe station
microscope. The strobe signal input, the photodiode

Circuit fabrication requires hyperabrupt Schottky bias terminal, and the two IF outputs are connected
contacts (Fig. 2a) for the sampling circuit (Dt, D2 ) with CPW wafer probes.
and NLTL, and semitransparent Schottky con- A complete sampling oscilloscope consists of
tacts with thinner N- active layers for the top- a sampling circuit, a low-noise and high-input-
illuminated photodetector (Fig.. 2b). Starting with impedance IF preamplifier, a display system, and a
a semi- insulating GaAs substrate, a heavily doped triggered timebase which provides the sampling cir-
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Figure 3: Measured impulse response of a GaAs
Schottky photodiode with sampler to a 1 ps laser Figure 4: (a) Dye laser autocorrelation function, (b)
pulse at a wavelength of 850 nm. Dye laser phase noise.

cuit with a strobe pulse synchronized to the signal width and timing jitter. An estimated 2 ps sam-
under test. The falltime of the strobe signal gener- pling circuit aperture time was determined through
ated by the timebase must be less than the NLTL measurement by the sampling circuit of the risetime
maximum falltime compression [6], 47 ps in this im- of an on-wafer NLTL test pulse generator. This is
plementation. substantially greater than that measured on earlier

To test the optoelectronic sampling circuits with- devices [4] processed on wafers with lower N+ sheet
out construction of the timebase and IF preamplifier, and ohmic contact resistivities.
the strobe NLTL is instead driven directly with a mi- From measured sheet and contact resistivities
crowave synthesizer, and the IF output is amplified and measured capacitances of large-area test struc-
by a lock-in amplifier. Because the NLTL requires a tures, we calculate a 23Ql photodiode series resis-
strobe input with falltime significantly less than 47 tance and a 21 If photodiode depletion capaci-
ps, the synthesizer frequency must be above 7 GHz. tance. The measured external termination resis-
The strobe frequency was set at 9,039,999,998 Hz, tance (RI1R211R 311R 4) is 320, 60% greater than
a frequency 2 Hz below the 113" harmonic of the the design value, and is shunted by an estimated
80 MHz laser pulse repetition rate, which results in 33 if parasitic layout capacitance. The combined
a 2 Hz sampled (IF) output. The sampling rate is network of photodetector resistance, photodetector
113 times the 80 MHz laser pulse repetition rate, capacitance, termination resistance, and layout ca-
corresponding to 113 : 1 oversampling, and result- pacitance contributes a predicted impulse response
ing in a 41 dB reduction in the sampled amplitude, of 2.1 ps FWHM. Photodetector carrier transit time
The lock-in amplifier serves to recover the resulting [8], as calculated from the 150 nm depletion layer
low-amplitude sampled signal levels and requires me- thickness and a 6 x 106 cm/s saturation hole velocity
chanical chopping of the laser beam. With 120 pW [9], contributes 1.25 ps FWHM to the impulse re-
average laser power and 0 V detector bias, we mea- sponse. Since the N- layer is almost fully depleted
sure a clean 5.6 ps FWHM impulse response (Fig. at zero bias, no significant improvement in pulse re-
3) without significant ringing. Of six optoelectronic sponse is observed when the photodiode reverse bias
sampling circuits fabricated on the wafer, all func- is increased.
tion and all show similar impulse responses, indicat- Dye laser performance is shown in Fig. 4. The
ing good process controllability and high yield. The laser intensity autocorrelation (Fig. 4,a) is I ps
measured detector quantum efficiency is 1%, close FWHM, corresponding to a - 0.7 ps FWHM uncor-
to the predicted 0.9%. related pulse width, while phase noise measurements

(Fig. 4,b) [7] indicate the presence of aj = 1.4 ps
Analysis r.m.s timing jitter. With the assumption of a Gaus-

sian probability distribution for this jitter, the peak-
The measured 5.6 ps FWHM impulse response is peak laser timing deviations at the 50% probability
limited by five mechanisms; the sampling circuit points will be ATFWHM = 2.36 ps, aj = 3.3 ps,
aperture time, the photodiode RC time constant and contribute 3.3 ps FWHM to the measured im-
and carrier transit time, and the dye laser pulse pulse response. In confirmation of the phase noise
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measurements, successive scans of the sampled sig- ics Letters, Vol. 19, No. 14, 7 July 1983, pp.
nal are observed to fluctuate in timing by 3 - 4 ps. 554-555.

Using a rudimentary sum-of-squares convolution,
and based upon the measured sampling circuit aper- [2] D.G. Parker, P.G. Say, A,M, Hanson and
ture time and calculated photodetector transit time W. Sibbett, "110 GHz High- Efficiency Pho-

and photodetector RC charging time, a 3.1 ps todiodes Fabricated from Indium Tin Ox-

FWHM impulse response is predicted for the op- ide/GaAs", Electronics Letters, 22 November
toelectronic sampling circuit. Based upon the mea- 1989, pp s66-s67.
sured 5.6 ps FWHM response and the measured laser [3] B.J. VanZeghbroeck, W. Patrick, J.-M. Hal-
pulse width and phase noise, the measured impulse bout, and P. Vettinger, "105-GHz bandwidth
response of the optoelectronic sampling circuit after metal-semiconductor-metal photodiode", IEEE
deconvolution is approximately 4.5 ps FWHM. Electron Device Letters, Vol. 9, No. 10, Oct.

Feedback stabilization of the laser timing [7] 1988, pp. 527-529.
will permit more accurate determination of the de-
vice's impulse response. With reduced photodetec- [4] R. Yu, M. Case, M. Kamegawa, M. Sandram,
tor geometries, improved circuit layouts eliminat- M.J.W.Rodwell and A. Gossard, "275 GHz 3
ing parasitic layout capacitances, and with reduc- mtte ed S pln Cirui" Electronics
tion in ohmic contact and N + sheet resistances (to Letters, Vol. 26, No. 13, 21 June 1990, pp.949-
previously-attained values), a 1.5 ps FWHM impulse 951.
response is attainable. Improved photodetector ef- [5] R.A. Marsland, C.J. Madden, D.W. Van
ficiency can also be attained through use of Indium Der Weide, M.S. Shakouri, and D.M. Bloom,
Tin Oxide transparent Schottky contacts [2]. "Monolithic Integrated Circuits for MM-Wave

Instrumentation", in Technical Digest, 1990
GaAs IC Symposium, Oct. 7-10, New Orleans,

Conclusions La.

In summary, we have developed a monolithic GaAs [6] C.J. Madden, M.J.W. Rodwell, R.A. Marsland,In ummrywe avedevlopd amonlitic asY.C. Pao, and D.M. Bloom, "Generation of 3.5
optoelectronic sampling circuit for direct measure- ps ao on "Generati Gf3s

ment ofpicsecod oticl wvefoms.Modla-ps Falltime Shock-waves on a Monolithic GaAsments of picosecond optical waveforms. Modula- Nonlinear Transmission Line," IEEE Electron

tion waveforms in multi- GHz fiber-optic analog and Device Trso 9,n, pp. 30-35,Jn
PCM ranmisionsysems an e drecly ea-Device Letters, Vol. 9, No. 6, pp. 303-305, June,

PCM transmission systems can be directly mea- 1988.

sured. With attainable improvements in detector

and circuit speed, the device can supplant autocorre- [7] M.J.W.Rodwell, D. M. Bloom, K.J. Weingarten
lation and cross-correlation techniques for measure- "Subpicosecond Laser Timing Stabilization".
ments of picosecond optical phenomena. IEEE J. Quantum Electron., vol. QE-25, pp.
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75-GHz SiGe Heterojunction Bipolor Transistors: GaAs
Performance in Si Technology?

J. M. C. Stork, J. H. Comfort, G. L. Patton, E. F. Crabb5, and B. S. Meyerson

IBM T J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598

Abstract where AEgG is the bandgap grading across the

SiGe IIBTs have demonstrated new device and cir- heavily-doped portion of the neutral base profile.
cuit records, extending the speed of silicon bipolar Figure 5 shows the calculated transit time compo-dctresodseteadegie domined by Galic s b ar nents for a retrograde base profile, with and withoutdevices closer to a regim e dom inated by G aA s and S ~ . A e ut o h i ut n o s r d ci ni
other compound semiconductor technologies. This SiGe. As a result of the simultaneous reduction inpaper gives a review of recent results and describes both base transit time and base-emitter junction
our present understanding in order to address the capacitance, very high frequency response is ob-oupo sentlertaig i asder a tesn toe tained even at moderate current densities (see alsopotential merits of SiGe IlB'Is as an extension to tedt nFg )
Si bipolar technology, the data in Fig. I).
Device Performance The Lightly Doped Collector has been shown

(3) to improve the impact ionization breakdown of
The record breaking cut-off frequency results of the base-collector junction without penalty on cur-
SiGe and Si epitaxial base transistors (cf. Figs. I and rent density capability and cut-off frequency. As the
2) demonstrates the performance potential of Si electric field is more uniformly distributed across the
profile and SiGe bandgap engineering (1). As can junction region, the average velocity remains high,
be seen in Fig.3, the combination of an thin but the energy the carriers acquire from the field is
epitaxial base and shallow polysilicon emitter tech- reduced. An adequate description of the average
nology allows sub 50 nm base widths with low base energy can be obtained from the energy balance
resistance and acceptable breakdown voltages. The equation directly using the following simplifying as-
base doping at the emitter-base and base-collector sumptions (4): heat flow is neglected and kinetic
junctions is reduced to lower the electric field at the energy is assumed to be negligible compared to the
junction, and thus succeeds in improving the thermal energy. If it is further assumed that the en-
leakage and breakdown characteristics. The ergy relaxation length A, is constant, the second-
retrograded base profile at the emitter-base transi- order moment of the Boltzmann equation can be
tion would degrade performance in Si-only devices, solved explicitly for the average energy as a convo-
due to the reverse built-in field, retarding the lution of the electric field and the exponential decay
electron flow. I lowever, the Ge is used to overcome length Aw as
this profile induced field by grading the bandgap
across the neutral base. The field induced by the W(x)X- o = qoF()) eW(X -W, f xp)dx (2)
bandgap grading of the Ge (see Fig. 4) increases the 5 2
velocity of electrons through the base, reducing the
base transit time component of the intrinsic profile
delay according to (2) where F is the electric field and IV, = (3/2)kTo the
Tb (SiGe) 20T U energy at thermal equilibrium. Although the aver-

____S_ _-__ G  kig (I) age energy is not a perfect representation of the en-
(SI) AE / Cfergy of the hottest electrons responsible for impact

110



Picosecond lectronics and Opoekcr..nics 111

ionization, it gives an adequate prediction of the 200
breakdown voltage as shown in Fig. 6. Because the
maximum carrier energy is located deep inside the GseH
base-collector junction, the multiplication factor of 100 GaAs HBT SiGe HBT
Si and SiGe-base devices is essentially equal (cf. Fig. .F / f
7). Any difference in breakdown voltage is only due 50 4

5 4

Table 1 _ _-_"

Si SiGe /

A&tM) 0.6x4.3 0.6x4.3- 20.. r" Si BJT
fT (GHz) 29 50 :IB.C.)

Rb(kQ/o) 3.8 8 10

Rb.(M) 60 60
1985 1990

RE (0) 16 8 Publication Date

BVCEO (V) 2.4 3.2 Figure 2

BVc 80 (V) 11 11 Reported cut-off frequency records in the

CcS, (fF/ni2 )  1.7 1.6 past decade (at RT). A rapid increase in Si
and SiGe performance is apparent.C.x (fF/ism2) 0.9 0.9

CEO (fF//LM 2)  7.8 6.3 1022111 ' --1 10
Emitter Basel Collector

Table I (ref 5) E s I1 8
Summary of device parameters of circuit .1020G *
transistors 6o I -6

B 4E
'30t  P 4%

80
AE=0.9x4.5 /sm2  a-

vc,= 1 V
60 1016 0

. -. , 0 100 200 300 400

SiGe %Depth (nm)
A 40 - IFigure 3 (ref I)

- ,' Sl - SIMS profile for the SiGe-base transistors of
' b 66 Fig. 1. The Ge grading is positioned precisely

20 N : ; 4 in the most heavily doped region of the base

SN C (xlO1
7/cm3) to enhance the base transit time.

10
1 10

Ic (mA) to the usually higher gain of the SiGe transistors.
The net effect of reduced base transit time, nearly

Figure I (ref 1) equal (BVcbo) or better (BVebo) breakdown char-
Measuxred cut-off frequency versus collector acteristics compared to Si-only devices, presents a
current, for Si and SiGe devices, showing the significant paradigm shift of conventional
dependence on collector doping level, breakdown-speed trade-off as shown in Fig 7.
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N+  P N N+ 2.5 1 ,

AEOG_ \ BVcEo at P=100

0 2.0
EF 0

1.5 o

For linear grading (AEG > k7):0 m u d0, 00 measured data

7E (Sze (SI) 1.0 - uniform Nc(T)_ = -(i)- biRst)RR-AERo)/kT V...-)L - - with 75 nm i-layer

To (s ,) 2kT UT) 0.5 1 1

(1 ) AE 1 2 5 10 20 50
Nc (x10 17 cm 3 )

Figure 4 (ref 2) Figure 6 (ref 4)
Energy band diagram illustrating first-order Base-collector voltage at which the base cur-
design equations for graded-SiGe-base en- rent reverses as a function of collector doping.
hancements in gain and transit times. The insertion of an I-layer increases the

breakdown voltage by 0.3-0.5 Volt.

world records (cf. Fig. 9) and demonstrated a 13%
circuit speed improvement in a direct comparison

2.5 s with Si-base devices (cf. Fig. 10). The SiGe profile

was designed to produce transistors with fT= 50

2.0 TE9 GHz (50 % higher than the 30 GHz for Si) and
2. TBC 60 keep the collector capacitance low for better circuit

performance (see Table I for a summary of the Si
CL

" 1.5 / and SiGe device characteristics). The following
40 N general relationship for the delay of a current switch

X (7) can be used to understand the device optimiza-
>.P* 1.0 7tion trade-ofs for circuit per f rlmnce:

20 CL)
0.5 1 - Td Oc 2rfT (3)

0.01 0.1 where fT, Rb, and Cbc are the cut-off frequency,
Jc (mA/p m l  base resistance, and collector-base capacitance re-

spectively. For an ECL gate with emitter follower,

Figure 5 (ref 9) CL = Cbc + Ccs, and RL = Vsis, inversely propor-
Calculated transit time components for Si tional to the switching current.
(dashed) and SiGe (solid) profiles showing At very high currents, rd oc Fmax, which re-
reduction in both Te and Tb due to the graded aches from an estimated maximum of 33 Gliz for
Ge profile. Si to 45 GlIz for SiGe devices (cf. Fig. 11) Im-

provements in Fmax are achieved with self-
alignment schemes to reduce Cb, and Cc, and can
be further reduced by designing the device layout for

Digital Circuit Performance minimum base resistance, i.e. long, narrow emitter
Recently, the first circuit results using self-aligned stripes. The corresponding required current does
SiGe-base transistors (5 and 6) established new not allow for high levels of integration however.
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Instead, much better efficiency is obtained when the where AEg(BE) is the bandgap reduction due to the
capacitive term RL x (CL + 2 x Cbc) is approxi- Ge at the base-emitter depletion edge. This profile
mately equal to the profile contribution design flexibility allows for lower noise and higher
(I + Rb x 'S/ Vs)/2rfT. It can easily be seen that Early voltage designs.
higher fT at the expense of high base resistance
and/or collector capacitance has minimal impact on 1
circuit performance. The measurements on un-
loaded ring oscillators support this conclusion as
shown in Fig. 12. 0.1

Minimum parasitic capacitances are even more Field A3

important to reduce the power-delay product at low 0
current. In this regime the performance of the verti- ,

cal doping profile is no longer dominated by the LO 0.01 Energy0= 7
C Energy 1

base and collector transit times, but rather the spe- .2
cific junction capacitance is key to reduce power and S A A Silicon data
delay. As discussed above, for the same basewidth 1/a SiGe data
delay, lower base-emitter junction capacitance can 7 - - Salcudata
be obtained, to further improve the speed of ECL /

digital circuits.
I I I

Other Applications 0 1 2 3 4
V g (Volts)

For analog or other applications not limited by

power, the designer can use the additional degree of Figure 7 (ref 4)
freedom of the Ge profile more liberally to match Measured and calculated multiplication fac-
the circuit performance to the intrinsic transistor tors for Si and SiGe-base profiles using
profile capabilities. As expected from A 80 nim for the energy calculation.
Equation (1), the fT cut-off frequency has been
shown (8) to increase from 75 GHz at room tem-
perature to 94 GIlz at liquid nitrogen temperature
(cf. Fig. 13). Note that the speed of the Si devices
also increased at low temperature, albeit only at ex- 10 •,
tremely high current density. This trade-off between Johnson \ ; 100
speed and current density is a fundamental differ-
ence between the various material systems for device 8 limit \ * SI NPH
operation. As can be seen in Figs. I and 14, SiGe \ o *SiGeHBT
achieves higher speed than Si (but less than InGaAs - "
based ItBTs for example) for a given current den- 6 -
sity, while higher profile speed through conventional -

scaling always requires higher current density. Due 0
to the fact that a thinner base demands higher base >

doping, the base-emitter capacitance per unit area 0

is increased. Thus a higher current density is re- 2
quired before the capacitive junction charging time
equals the shorter base transit time (cf. Fig. 5).
Since the collector doping should be designed to 0 I I I

support this current density, it too has to be raised. 0 20 40 60 80 100
This in turn increases the base-collector capacitance, Peak fT (GHz)
which hinders circuit speed (see Equation (3)).
Another important factor for analog applications,
namely current gain, can be controlled independent Figure 8 (ref 5)
of the base doping: Measured f7 and BVceo values illustrating

?(St') , Pbi (S -AEgF)IkT kT the speed-breakdown trade-off for implanted
fi (SiGe) - (Si e(4) and epitaxial Si base and SiGe base devices.flS~)-Pbi (Si(-e) e 'gG
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1000 7'''' 'IB ' Si-like electronic properties of low percentage SiGe
500 Bo NT alloys. On the other hand, it is indeed the compat-

SHitachi ibility with Si technology that makes SiGe technol-

ogy so exciting: an extra degree of freedom is
L a Fuitsu available to Si technology, allowing better device

• a , NC design optimization and making inroads in applica-0 a+ Others
-a 100 * o tions which are out of reach for pure Si, while cap-
* italizing on the vast technology base of Si
. 50 technology. However, the technology challenge of

0 • integrating strained epitaxial-base devices into exist-

10
1980 1985 1990 60 .

Publication Date

Figure 9 fT
Reported unloaded ECL ring-oscillator speed . 50 -
records versus year, showing a doubling
about every three years.

60 2

. ~ ~ ~ ~ ~ ~ ~ 3 30 X Inrni oe he eitane(O

..-. 50 o SiGe - .4F30igure /I Si
5,. 0 - %- S,,,20 t i BaseI

40S -- 2. ps"
-a2 6 10 14 18

30 Intrinsic Bose Sheet Resistance (kQl/o)

0 SiGe - 28.3 ps Figure 11 (ref 9)

20 Simulation showing fF (solid lines) and
fMAX (dashed lines) dependence on zero bias

' 10 500nV-2 phase intrinsic base resistance. The structure of the
FI/FO=I, Cw=6fF devices detailed in Table I was assumed.

0 I I I

0.0 0.3 0.6 0.9 1.2 1.5 60
Switch Current Density (mA/him 2) 0.60x4.30ILm 2

Figure 10 (ref 5) , 50 FI/FO=I, Cw=6fF
Comparison of ECL delay of Si and SiGe -

transistors detailed in Table 1. 40 0A
0

Discussion .!30 '

The advantage of SiGe for profile design is that it , 20
provides an extra degree of freedom to work within

the design constraints of base resistance, cut-off fre- 10 - a SiGe, fT= 70 GHz, Rw=20 k/o
quency, and breakdown/leakage (9), since the base o SiGe, fT= 50 GHz, Rw= 8 k/o
transport time can be reduced without changing the
doping profile. The additional flexibility of device 0

optimization using Ge depends on the application. 0.0 0.3 0.6 0.9 1.2 2  1.5

Digital 1CL logic has probably the least leverage, Switch Current Density (mA / Am

but push-pull circuits are expected to benefit much Figure 12
more from high f', transistors. On the other hand, Comparison of F-CL delay of "high" fT-Rbi-
it is clear that the even the intrinsic device potential Cbc and low"fT-Rbi-Cbc SiGe devices. The
of SiGe |IBs is not as great as that of, for example, circuit performance with the higher ft device
AIGaAs-lnGaAs IIBTs, primarily because of the is actually the slower of the two.
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INTRODUCTION SCALING MODELS

Recent advances in material growth and fabrication pro- In order to significantly improve the speed of state-of-the-
cess have made possible the realization of a new class of art HEMTS, one must develop a thorough understanding
ultra-fast High Electron Mobility Transistors (HEMTs) in and an accurate model for the scaling of gatelength de-
the AlInAs/GaInAs material system (lattice-matched to vices. As a minimum, such a model must take into account
InP). In the last three (3) years alone, through improvements theeffects of the gate pad and fringecapacitances, extension
in materials and shrinking of gate length, the speed of of the drain depletion region, and parasitic resistances
state-of-the-art AlnAs$3alnAs HEMTs has been increased (ideally, it should also be able to model the effects of the
at an astounding rate: from 80 GHz in 1987 to 250 GHz as output conductance and feedback capacitance as well).
of today [1-41. Although significant progress in this area has been

Such apace ofprogress, however,cannot be maintained made in the last two (2) years or so, we still do not have a
indefinitely. As the gate length approaches the 0.1 Pn complete model that can be used with a high degree of
regime, it becomes increasingly more difficult to improve confidence. Presently, we only have partial models which
the device speed by simply reducing the gatelength. In this can take into account some, but not all, of the parasitics.
gatelength regime, parasitic delays, such as drain delay These models are capable of predicting the fT with rea-
(due to the extension of the drain depletion region) and sonable accuracy, at least down to the 0.1 pm regime
capacitance charging time (gate pad and fringe), represent [7,91. Such models are being evaluated at the author's
a large portion of the total delay and will ultimately limit
the device extrinsic speed [5-71. Evidences that support
this claim are plenty and can be readily observed by o
plotting the fT as a function of gate width [61 or gatelength 4

(8]. Due to parasitic delays, the fT decreases with reducing
gate width; and its rateofincrease with reducing gatelength
diminishes as the gate length approaches 0 (see Fig. i). 10

In order to futheradvance this technology, significant 90 - r[

breakthroughs must be made in the following areas: DATA

(1) modeling of sub-.1 pn (or nanometer) gatelength
HEMTs, (2) growth and characterization of pseudomor- U 0 M s0 &40 so

phic AllnAs/Ga1.xIn 1As materials, and (3) nano- GAYS M , 0)
fabrication. In the following, the present author will
present a brief discussion on a number of key advances in Fig. 1. Scalling of AlInAs/GalnAs HEMTs
each of these areas, as well as a projection for their pace of with gatelength. The effects of parasitics on fT
progress in the near future. are evident at Lr.<0.I pmn.
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laboratories for use in the design and optimization of FABRICATION
nanometer gatelength AllnAs3adnAs HEMTs and the
results will be reported at the time of the conference. The gate lithography is without question the most critical

step in the fabrication of ultra-fast HEMTs. At the present
MATERIALS time, electron beam lithography is still the dominant

exposure method for sub-micrometer geometries (0.1 to
The key to realize ultra-fast HEMTs with nanometer gate 0.3 pin), as well as part of the nanometer regime (50 to
length lies in the optimization of materials and device 100 nm), although other exposure methods, such as focus
structurestoreducetheirparasitics. Foragivengatelength, ion beam (FIB) lithography, may eventually be required
one must maximize the device transconductance (gmn), for finer resolution and repeatability.
minimize the parasitic resistances, and suppress the ex- Until recently, most state-of-the-art HEMTs with
tension of the drain depletion region. Therefore, ideally, gatelength of 0.1 im or longer employ aT-, or mushroom-
one must utilize a material system with the following gate to reduce the gate metal resistance whereas those with
characteristics: gate length shorter than 0.1 pm, due to processing com-

plexity, often employ the conventional high-resistance
(1) A low Schottky barrier height and high achiev- triangular gate. Within the last year, however, two (2)

able doping density to allow an extremely close significant processes have been successfully developed at
gate-to-channel separation, the author's laboratories that have altered this conven-

tional approach. The first was the demonstration of a new
(2) A high two-dimensional electron gas (2DEG) self-aligned gate process in which the sub-micrometer

sheet density and high mobility to maximize the T-gate is used as a shadow mask during ohmic deposition,
modulation efficiency [ 101 as well as minimize allowing the ohmic contacts to be self-aligned with the
the parasitic resistances, and gate [4]. The second was the successful fabrication of a

80 nm T-gate using a 50 kV electron beam [14]. By
(3) A high peak velocity, combining the two processes, we have fabricated a 80 nm

self-aligned T-gate HEMT with afT as high as 250 GHz.
Among all existing material systems, the AlInAs/GaInAs At the present time, a significant amount of effort is
system, grown on an InP substrate, is the only one that being devoted at the author's laboratories in order to
possesses all of the above characteristics and therefore is reduce the gate length to 50 nm and optimize the materials
the system of choice for ultra-fast nanometer gatelength for that particular gatelength. This author predicts that,
HEMTs. Its low Schottky barrier height (--0.4 eV), high withproperscaling, anextrinsic fTashighas400GHzwill
achievable doping density (~10 19 cm-3), high 2DEG sheet be obtained in the near future for 50 nm gatelength
density (>3.5x 1012 cm-2 ), high mobility(10,000to 13,000 HEMTs (see Fig. 2).
cm 2/V-s), and high peak velocity (>2.6x107 cm/s) have
resulted in devices with the highest fT yet reported.

Cunrntly, state-of-the-art AlinAsiGalxlnxAs HEMTs
have been successfully fabricated in materials with 0.53 _W

< x <0.65. However, the improvements in electron mobility 40e

and peak velocity with increasing indium composition are SELF-AULIGNED GATE

very modest in this regime and are not expected to result 200 .,
in significant performance improvements for nanometer
gate-length HEMTs. Recently, there has been mounting
evidence that the electron mobility and peak velocity in
strained (or pseudomorpic) AnAs/Gal.xlnxAs quan- 1100CONVETOAL

turn well are rapidly improved for x >0.65 [11, 12]. A
record room temperature mobility of 15,200 cm2/V-s with

a 2DEG sheet density of I.gx 1012 cm-2 has been reported
for such a quantum well with x = 0.8 [! !]. At the author's I I I
laboratories, we have grown similar strained AlnAs/ 0.06 0.10 0.20 0.30 0.40 0.SO

Gal xlnxAs layers and have obtained a room-temperature GATE LENGTH, L G (g&m)

mobility of 12,600 cm2/V-s with a 2DEG sheet density as
high as 3.6xi012 cm -2 [131. These layers are currently
being evaluated and the results will be reported at a later Fig. 2. Projected performance of a self-aligned
time. gate AlInAsGalnAs HEMTs in the early 1990s.
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POTENTIAL LIMITATIONS substantial improvements in electron mobility and peak
velocity.

Although the scaling of HEMTs appears to be straight
forward in terms of fT, we do not yet have a complete REFERENCES
scaling model that can predict the scaling of the power
gain cutoff frequency (fmax). At the present time, the 1. Mishra et al., presented at 1987 DRC, Jun. 1987
modeling and scaling of two of the device parasitics, 2. Mishra et al., presented at 1988 DRC, Jun. 1988
namely the gate-to-drain capacitance and output conduc- 3. Mishra et al., in 1988 IEDM Tech. Dig., Dec. 1988
tance, are poorly understood and, thus, itisnotyetpossible 4. Mishra et al., in 1989 IEDM Tech. Dig., Dec. 1989
to predict the fundamental limit for fmax. However, from 5. Moll el al., IEEE Trans. Electron Dev., vol. 35, No.
the preliminary work of the present author (and co-work- 7, Jul. 1988
ers) [14], it appears that these parasitics may present 6. Nguyen et al., IEEE Trans. Electron Dev., vol. 36,
serious potential limitations for nanometer gatelength No. 10, Oct. 1989
HEMTs and must be further reduced. 7. Tasker et al., IEEE Electron Dev. Lett., vol. 10, No.

7, Jul. 1989
8. Tasker et al., SPIE vol. 1288, High-Speed Electron

ics and Device Scaling, 1990
CONCLUSIONS 9. Nguyen etal., SPIE vol. 1288, High-Speed Electron

ics and Device Scaling, 1990
Significant progress has been made in ultra-fast HEMT 10. Foisy et al., IEEE Trans. Electron Dev., vol. 35, No.
technology in the last few years, resulting in a factor-of- 7, Jul. 1988
three improvement in Fr for state-of-the-art HEMTs. The 11. Chin et al., J. Vac. Sci. Tech., B8(2), Mar/Apr 1990
presentauthorbelievesthatthisfascinatingpaceofprogress 12. Thobel et al., Appl. Phys. Lett., 56(4), 22 Jan. 1990
can still be maintained in the early 1990s, with further 13. Brown et al. (private communication)
reductions of gate length and device parasitics, as well as 14. Nguyen et al., in 1990 IEDM Tech. Dig., Dec. 1990
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Abstrac cosmic rays and the Earth's radiation (proton)

Picosecond-resolution measurements of the current belts.
transients produced when energetic ions (alpha In this paper we describe a study of ion-

particles) interact with high-speed digital GaAs induced transient phenomena in a digital GaAs

MESFETs are presented. Measurements as a MESFET that is typical of those found in today's

function of device bias and temperature reveal the high-speed memories and logic. GaAs is desirable

presence of several different contributions to the for applications in space systems because of its

charge-collection transients, ranging in time scale high-speed and low power consumption characteris-
from picoseconds to microseconds. The effects of tics, but GaAs devices have exhibited a low thres-

hold for single-event upset phenomena. With the
permanent radiation damage are found to degrade current state of GaAs technology, significant
device performance to the extent that reliable proems st e overcom efoe, spread
measurement of the ion-induced transients is diffi- problems must be overcome before a widespread

cult and, in many cases, impossible. The use of utilization of GaAs technology in space is possible.

above-band-gap picosecond laser excitation is reveal- Energetic ions interact with semiconductor
devices to produce ionization tracks that consist ofed to be a viable alternative to the use of heavy dnepamso recrir.Teetemlz

ionsforchaactrizaionof he harg-colecion dense plasmas of free carriers. These thermalizeions for characterization of the charge-collection with the lattice on a time scale of a few picoseconds
dynamics in semiconductor devices. and, under the influence of drift and diffusion, are

collected at the various circuit nodes. A large
hamount of work has been devoted to measurement

Single event upsets (SEUs) are transient errors of the time-integrated charge produced by the inter-
(changes in state) in digital circuit elements action of energetic ions with semiconductor devices
induced by energetic ions. SEUs have been observed (such measurements are commonly referred to as
both on Earth and in space in a variety of integrat- charge collection [3-12]). Numerous phenomena of
ed circuits, including random-access memories general significance in the understanding of ion/
(RAMs) and microprocessors [1], with both GaAs semiconductor interactions (many with pratical
and silicon based technologies being susceptible. On implications with regard to SEU) including the
Earth, SEUs can be caused by components of cos- charge-funneling effect [5,6J, the ion-shunt effect
mic rays (the intensity of which varies with alti- (8], and the gate-edge effect [7,11] have been
tude), and by alpha particles produced by the discovered in this manner. It has long been recog-
decay of naturally occuring radioactive impurities nized, however, that time-resolved measurements of
in packaging and fabrication materials [2]. Space- charge-collection transients are essential for a
based electronics are particularly susceptible to complete understanding of the charge-collection
single-event phenomena, with SEUs posing a seri- process, as well as its relationship to single-event
ous reliability problem for space-based digital sys- phenomena. Early measurements utilized transient
tems because of the large flux of energetic ions in digitizers and sampling oscilliscopes to measure the
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Figure 1. Schematic diagram of the NRL ion microbeam apparatus.

charge-collection transients [4-6, 8-10]. In general, microbeam facility [18], with the ion beam entering
the measured transients were observed to consist of from the left. All components shown in this figure
faster and slower contributions, which commonly (except the microscope) are under vacuum. The ion
were attributed to charge collection by drift (includ- beam, which is typically ,-1 mm in diameter, is
ing funneling) and diffusion mechanisms, respective- diffused by the thin (Ni) scattering foil. Those ions
ly. These measurements, however, were plagued by scattered at the angle 0 will pass through the
poor temporal resolution, making any detailed collimating aperture and a 2.5 pm pinhole (labeled
interpretations difficult. "small aperture" in fig. 1) that is located directly

Recently it has become possible to resolve the in front of the device under test. The pinhole is
dynamical evolution of charge-collection transients suspended from an x-y translation stage, permitting
with picosecond resolution [11-13]. In this paper we precise control over the position of ion strikes on
describe some of the first picosecond-resolution the surface of the device. The beam flux at the
measurements of the current transients produced device is controlled through variation in 0.
when energetic ions interact with GaAs MESFETs. The device under test is mounted in a high-
These results reveal details of the charge collection frequency (50 GlIz) microwave package, with the
process that could not be deduced from measure- source grounded and the gate and drain wirebonded
ments performed with lower temporal resolution, to microstrip transmission lines. The transient
Additionally, we illustrate the utility of picosecond signals are launched from the microstrip lines onto
laser excitation to simulate the effects of heavy ions 50 GlIz, 2.4 mm coaxial connectors, fed through
in these devices. In particular, it is demonstrated the vacuum wall with a semi-rigid cable, and
that measurements with above band-gap picosec- passed through a bias tee into the input of a
ond laser irradiation reproduce both the qualitative HYPRES PSP-750 70 GHz superconducting sampl-
and quantitative features of excitation by ionizing ing oscilloscope. In these experiments, each ion
radiation. This result is particularly significant striking a sensitive region of the device produces a
because the optical experiments can be performed current pulse. A fundamental difficulty associated
without the cumulative effects of permanent radia- with measurement of these high-frequency transi-
tion damage, which are quite severe for the small ents is the random time interval between ion
area GaAs devices of this study. It also permits us strikes, coupled to the difficulty in obtaining a
to draw on the body of work already performed on jitter-free trigger signal. The HYPRES system
optical excitation of GaAs devices [14-17]. currently is the best instrument available for the

measurement of such transients. In addition to its
Experimental 70 GlIz bandwidth, the ItYPRES contains a built

in, effectively dispersion free (to 70 GHz), super-

The energetic ions used in these experiments were conducting delay line that permits the sampling of
produced by a 3-MV tandem Van de Graff accelera- randomly arriving transients while maintaining its

tor. Figure 1 shows a schematic of the NRL ion full instrumental bandwidth.



Picosecond Electronics and Oproelectronics 121

(each run spans five to ten minutes and involves
o ,€ approximately 100,000 ion strikes). The ion strikes

> "were centered on the high-field region between the
E '/--P¢ "gate and drain. The rapid evolution of the meas-
-2 1 ' ured transients as a function of beam exposure is

2 1 , indicative of permanent radiation damage effects
(displacement damage). The effects of radiation

' - 4 damage are obviously quite significant, and it is
1 ionly possible to perform a limited number of experi-

6ments on a given device before the transients are no
-6 longer representative of an undamaged device. For

0 100 200 300 400 500 ions heavier than 41He the effects are even moreTime, ps severe. Our experience indicates that displacement

Figure 2. Current transients detected at the drain damage effects are more severe in GaAs than in Si.

of a 1.2 um x 50 pm depletion-mode GaAs This has also been reported by Brown and

MESFET as a function of exposure (lower to Williams for somewhat different excitation condi-

upper) to a 2.9 Me V 4He ion beam. VG = -1.0 V, tions [20].

VD = 4.0 V, with the source grounded. isaEvident in the undamaged transient of figure 2
is a rapid rise followed by an exponentially relaxing
tail exhibiting a time constant of -150 ps. Also

For the optical experiments, laser pulses of evident is a finite signal amplitude at 500 ps. This
-10 ps duration were produced with a cavity- amplitude is characteristic of an underlying slow
dumped dye laser synchronously pumped by the component to the charge-collection transient. This
second harmonic of a continuous-wave modelocked slow component exhibits a relaxation time on the
Nd:YAG laser. Because of the slow (-1 ps) relaxa- order of 1 ps [12], and is believed to arise from
tions observed in this study, cavity-dumped opera- deep-level traps known to be prevalent in GaAs.
tion is essential to eliminate device charging effects The "ringing" evident in each curve is due to the
from sucessive laser pulses; pulse repetition rates of bond wire inductance interacting with the intrinsic
400-800 KHz were used. For the experiments report- capacitance of the device. Calculations representing
ed here, an excitation wavelength of 800 nm was the device and its bond wires by a series resistance,
used. We have performed experiments with excita- inductance, and capacitance have reproduced the
tion wavelengths as long as 875 nm, on the low- observed oscillations. Measurements performed on a
energy side of the GaAs bandgap. The longer- device in which the bond wire lengths are minimiz-
wavelength excitation will penetrate deeper into the ed show significantly reduced ringing (cf., figure 5).
substrate, and is expected to better approximate Devices are currently being fabricated with co-
the charge distribution created by an ion strike, planar transmission lines on chip to eliminate
Experiments were also performed with 10 ps, 527 entirely the problem of bond-wire inductances.
nm excitation generated with a modelocked The evolution in the shape of the charge collec-
Nd:Glass laser system [19]. The wavelength- tion transient as a function of radiation exposure
dependent results provide additional insights into shown in figure 2 is consistent with an increased
the charge-collection mechanisms. The conclusions concentration of recombination sites, resulting in a
of those studies are consistent with those presented reduced carrier lifetime. The data reveal that the
here, and will be described elsewhere, amplitudes for both the -150 ps and the -1 ps

components are reduced significantly with increas-
Results and Discussion ing radiation exposure. Time-integrated charge-

collection measurements should correspond to the
In Figure 2 we show representative current transi- area under the transients of figure 2. As is evident,
ents produced on the drain of a 1.2 pm x 50 pm the time-integrated charge collection efficiency also
depletion mode GaAs MESFET by 2.9 MeV o- is decreased significantly with increasing radiation
particle (4 lie) irridiation. This device was operated exposure.
in a pinched-off condition with the gate and drain The radiation-damage effects discussed in the
biased at -1.0 V and 4.0 V, respectively, with the previous paragraphs represent an intrinsic liability
source grounded. This figure shows a series of four of ion-induced charge-collection measurements per-
sucessive runs (lower to upper), with the lower formed with sampling techniques. Such effects
curve representing a nominally undamaged device typically become more severe as device feature size
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, Figure 4. Drain bias dependence of the laser-ezcited

Fiur 3 drain current transients for the same device as in
-10gr figure 3b: V( h 5.0 V; 3.0 V; 2.0 V; 1.0 V; and

G -1 0.5 V (lower to upper); V = -1.5 V VS = 0.0
V.

0 100 200 300 466 .. 500 the same device used to generate 3b. While

iia e isi this data set contains significant information on the
mechanisms of charge collection in this device, we

Figure 3. Drain current transients for 1.2 pm wish to focus initially on the fact that this
x 50 prn depletion-mode GaAs MESFETs with experiment, which is trivial when using optical
excitation by (a) 4 He ion beam and (b) 800 nm, 10 techniques, is effectively impossible for ionc excita-
ps laser pulse. The bias conditions for (a) are as in tion because of the degradation associated with
figurexcin (figure 3; Th(ie twas biased with radiation-damageeffects. A limited nuienr ofbias-
VG = - 1.5 V, Vo = 5.0 V, with the source dependent heavy ion measurements have been per-

grounded, formed on different devices, producing results that
are consistent with those of figure 4.

is reduced. To gain added insight into the dyna- The bias-dependent transients of figure show

mics of the charge-collection process, without the four general trends: i) the signal amplitude at short
complications introduced by radiation-damage times increases initially w;f. increasing source to
effects, we have investigated the transients drain bias, and ar-, tends to saturate; ii) the area
produced by above-band-gap picosecond laser exci- under the transient increases with increasing bias;
tation. Figure 3 shows a comparison of the nomi- iii) the amplitude at long times increases with
nally undamaged ion-induced transient (figure 3a) increasing bias; and iv) at very low drain bias (<s
with a transient produced with n10 ps, 800 nm V) the dynamics are somewhat slower than at the
laser excitation (figure 3b). The data of figure 3 higher biases. We note that these transients were
reveal that, for the devices of this study, the measured on the IIYPRES system using the
essential features of the ion-induced charge- internal trigger mode; therefore, the relative
collection transients are also present in the position (along the time axis) is dependlent on the
transients produced by picosecond laser excitation. trigger level and is not of physical significance. It is
Evident in the transient of figure 3b are the rapid expected that if the time axis were absolute, the 0.5
rise, the -150 ps relaxation, the finite amplitude V and 1.0 V curves showing the slower dynamics
at long times associated with a slower signal contri- would be shifted to the right. Observation (i), the

bution, as well as the ringing associated with the amplitude saturation, may be due to velocity
bond wire inductances. Therefore, it may be con- saturation during the initial drift collection process.
cluded from this result that a significant amount of This is consistent with the observation of slower
information can be determined through the use of dynamics at lower bias conditions (point iv).
optical techniques without inflicting damage to the Observations (ii) and (iii) are closely related, with
device. most of the increased charge at higher biases being

In figure 4 we show the drain bias dependence associated with an increased amplitude for the
of the laser-induced (800 nm) current transients for slower (-I ps) signal contribution. This conclusion
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0 cy, therefore, is not expected to be identical. Since
this ringing tends to dominate the transients, the

-2- bservation of the more subtle differences associat-
E -4/ed with the initial carrier distribution will require

,. more work.
C6 

97. In figure 5 we show some preliminary
_i,'/ measurements of the ion-induced (2.0 MeV 4 He)

- 8 drain transients as a function of temperature. These

1measurements were performed on a 1.2 x 50 pm
10.. depletion mode device packaged in the same

0 200 400 600 manner as the previous results but, in this case,
Time, ps care was taken to minimize bond wire lengths.

Figure 5. Drain current transients for a 1.2 pm While some ringing is still evident in this data set,x 50 pm depleion-mode GaAs MESFET as a its amplitude is significantly reduced over that in
function of temperature (given in degrees Celsius) the previous figures. As in the previous figures, the
for excitation by 2.9 MeV 4He ions. The device was device was operated in a pinched-off condition with

for xciatin b 2.9MeV 4 Heion. Th deicewas the gate and drain biased at -1.45 V and 2.0 V,
biased with the gate at - 1.5 V, the drain at 2.0 V, thgaendrinbsdat-.5V nd20,
with the source arounded. respectively; temperatures are in degrees Celsius.

Measurements of the charge-collection transient

is consistent with wavelength-dependent studies in as a function of temperature were initiated for
which the - 1 ps component is observed to increase three reasons. First, it was anticipated that
in amplitude with excitation at longer wavelenths, temperature-dependent changes in the detailed
decreasing significantly for 527 nm excitation. shape of the transients would provide insight into

There are several reasons for using optical the mechanisms of charge collection. In adjr.on,
methods to investigate charge-collection dynamics. since microelectronic circuits must operate in a
We have already mentioned the significant problem wide variety of environments, it is of fundamental
of radiation damage. In addition, optical methods importance to determine the effects of temperature
are desirable because: they are significantly less on the charge collection transients. And finally, a
expensive to set up, and more convenient in recent observation [20] that radiation damage in
practice than accelerator testing; all-optical tech- GaAs is significantly reduced in the temperature
niques possess inherently higher temporal resolu- range of 80-100 C" suggests that it might be
tions than those utilizing electronic detection meth- possible to perform more detailed measurements on
ods; and because the laser technique readily pro- a single device at higher temperatures.
vides spatial information that is difficult to extract The data of figure 5 show that dramatic
from ion experiments. The data of figures 3 and 4 changes in the charge-collection waveform occur for
illustrate the fundamental utility of picosecond rather modest temperature changes. The most
laser techniques for investigating the charge- obvious observation is that the charge-collection
collection process. There are, however, fundamental pulse width increases significantly with increasing
differences in both the mechanisms of charge temperature. This observation can be accounted
production, and the initial distribution of carriers for, at least qualitatively, in terms of the decreased
produced by optical pulses and energetic ions that carrier mobility [22] associated with the increased
should be noted. For the 4He ions of this study, the cross section for phonon scattering mechanisms at
initial radial distribution of carriers is significantly elevated temperatures. A closer inspection of the
smaller than that produced by a laser pulse (-0.1 data of figure 5 reveals that the detailed shape of
pm comapred to -2 pm diameter [211), and the the charge-collection transient is a complex func-
charge column created by the ion penetrates deep tion of temperature, suggesting the possibility that
(-5 pm) into the substrate [21]. Therefore, subtle several different and competing phenomena are of
(and possibly some not-so-subtle) differences significance. A detailed investigation of these re-
between the ion- and laser-induced charge collection suits is currently in progress; at this time we will
transients are expected. It is evident that the limit our comments to some preliminary observa-
optical- and ion-excited transients of figure 3 are tions.
not identical. We note first that the two transients Each of the transients of figure 5 exhibits a
were obtained for different devices under slightly contribution with an instrument-limited rise. This
different bias conditions. The most evident fast contribution dominates the short-time charge-
difference between the two, the "ringing" frequen- collection dynamics for the two lower temperatures,
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and shows up as a shoulder on the leading edge of dynamics in semiconductor devices. Future measure-
the 97 C trace. At higher temperatures a slower ments utilizing optical techniques will permit a
charge-collection mechanism becomes prevalent, more detailed investigation of charge-collection
with a finite risetime of -75 ps being clearly dynamics in these devices than would be possible
evident in the 97" C data. This slower rise is with heavy ion irradiation.
consistent with a slower drift velocity arising from
the decreased carrier mobility noted above. Acknowledgments
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Abstract important to fully understand these effects on the device
and circuit operations.

We present transient simulations of small GaAs The classical semiconductor transport theory is based
MESFETs. Transient switching oscillation exhibit a on Boltzmann transport equation (BTE). Numerous
strong peak in the frequency domain which is modified analytical and numerical methods have been developed
by quantum effects. for solving this equation on various semiconductor

problems. Among which, Monte Carlo method
provides most accurate and detailed solution but is

Introduction hardly used in practical engineering applications.for its
computational expenses. As a practical alternative, a

Since the advent of the integrated circuits in the late reduced description of the BTE, the moment equations,
1950's, the number of devices contained on a single especially the drift-diffusion model, has played a
chip has approximately doubled every three years and significant role in the evolution of IC technology,
this process has caused semiconductor devices to be providing critical insight into device scaling, leading to
made smaller and smaller. However, little is the VLSI. Simulators continue to be applied in the
understood about the physical limitations that will analysis of new device concepts and have become an
determine whether or not these devices are practical. essential component of the technology design process.
These questions have opened a new field for As device feature sizes reduce to submicron regime,
semiconductor research and technology in which a great device simulation faces new challenge. Simple drift-
opportunity is provided to study many new physical diffusion model is no longer adequate, instead a full
phenomena, some of which have been described in [I - hydrodynamic model must be used to investigate non-
41, and exploring a new generation of device structures stationary and hot electron dynamics, which allows the
and system architectures for the potential application of distinction of the momentum and energy relaxation
Ultra Large Scale Integrated (ULSI) system in the near times. As scaling continues to ultra-submicron realm (<
future. 0. 1 gtm), quantum transport method becomes

The physical effects inherent in the operation of the necessary.
ultra-small devices (which have been observed and We have performed a simulation of an ultra-small
which have the promise to be observed) are based on GaAs MESFET device, using a set of quantum moment
the fact that the critical length (e.g. the gate length or the equations developed from density matrix (Wigner
depletion length) becomes so small that it approaches function) prototype [7]. In this paper, we examine the
the coherence length of the electrons that provide the transient (picosecond) response of such devices to
operation, which suggests that such small devices must ascertain the effect that the non-local quantum potential
be treated as quantum mechanical objects. The has on the switching behavior. Interesting time-
coherence length, or the inelastic mean free path, can dependent current oscillation behavior has been
be more than 1 im at low temperature and as much as observed when a step voltage is applied to an initial
0. 1 gm at room temperature in high quality steady state.
heterojunction device structures. This is much larger
than the gate length (-2Onm) of the smallest transistor Quantum moment equations
that can be made [5,6]. Due to the quantum interference
within the devices as well as between the devices, these The detailed treatment of the quantum moment equation
physical effects may greatly modify the operation of a is described in elsewhere. Here we only give a short
single device as well as an integrated circuit. It is very summary. In principle, large-scale devices can be
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modeled classically, with an accurate description given 0r 1
by the Boltzmann transport equation (BTE). This T 3v 3
equation time-evolves a complete single-particle phase
space distribution. However, the accurate simulation of my 2 2 1 T-TO (5)
ultra-small devices requires quantum effects such as 3kB tm Tw tw
tunneling and quantum repulsion (complementary to
barrier penetration) to be included. A full quantum
description, at the single particle level, can be based on
the Wigner distribution function, a transformation of the using a convenient notation
density matrix which is a natural generation of the
classical phase space distribution function. Its time
evolution equation derived from Schtdingcr equation or 2
Liouville equation has similar form as that of the BTE, Tq = T + 3-- BUq. (6)
but with quantum corrections build in by including

static potential into the equation non-locally. The
Wigner distribution function has been successfully used This set of equations preserves all classical features
in simulation of resonant tunneling diode in one
dimension [8,9], but it is not expected to be directly except the heat flow property (it may be added in), and
used for multi-dimensional device simulation for its gives explicit quantum corrections.
expenses in memory storage and computation time. For Transient simulation of ultra-small MESFET
a device simulation with a higher dimensional
description, the practical alternative is the reduced All the results we present here are for a MESFET device
description of the Wigner distribution function, i.e, its with 24 nm gatelength. The typical doping in the
moments, which are very useful because the lowest
several moments represent the basic physical quantities channel is 1.5x10 1  cm-3 , and a semi-insulating
such as density, momentum and energy of a physical substrate is included. The lattice temperature is taken to
system. The equations of motion of the distribution be 300 K. The transient simulation starts from an initial
functions then results in the moment equations, steady state. The simulation time step of 0.5 fsec is
following the same procedure as that for the classical found to be suitable. Figure 1 plots the switching
BTE. However, the lowest three moment equations are currents for an initial increase and then decrease in the
formally identical to their classical analogue under the magnitude of the drain potential. Both source and drain
relaxation time approximation and do not contain currents are shown, with the difference corresponding
explicit quantum corrections, as they are expected. The to the substrate current. In the initial steady state, the
key step to preserve quantum corrections in the lowest gate voltage Vg is -0.5 V and the drain voltage Vd is
three moment equations relies on the method in 0.5 V. The simulation begins with the applied voltages
decoupling these equations from higher oder moment stepped to V = 0 V and Vd = 2.5 V. The time interval
equations. In order to get explicit quantum corrections between the fhst voltage step to the second voltage step
into the moment equations, several different method (Vd = 2.0 V) is 17.5 psec, and the other time intervals
have been proposed [101. Based on the quantum between the applied step voltages are 7.5 psec.
representation of the second moments <p 2 > [11], we Extensive ringing in the response is obvious, which
explicitly incorporate the quantum corrections through promotes the further investigation of the oscillation
the energy representation property. The stability of the simulation has been

carefully checked to identify whether the current
oscillations are numerical or physical. This includes the

1 2 3kBT () change of mesh sizes, time step, doping density and
w =-my + ikT+ Uq,()

2
where Vd 2.5 V

Uq =h- mV 2 1n(n). (2) E 1.IV10 v

and developed a set of quantum moment equations with
temperature representation

U

an
--+ Vo(nv) = 0, (3)0 10 20 30 40 50

v -I-V(rkBTq) - v, (4) Time (psec.)'Tt vV m nm Vk T Mvy_ 4
Tm

Figure 1. Plot of transient current of source
(dashed line) and drain (solid line).
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total simulation area of the device (e.g., to increase the 1.0
simulation area by extending the source and drain
contacts). Fig. 2 shows that simulations with different -,

mesh sizes [3 nm (120x35 grids) and 1.5 nm (240x70 -,

grids)] are found to match very well, both during the
oscillations and in the steady-state. Change of time step o 0.5-
give the same results. Furthermore, simulation of
larger area devices didn't show down-shift of the
oscillation frequency peak, which excludes the
possibility of numerical boundary reflection.

0.0
The oscillations do, however, depend upon the 10 17....18 1 9

density in the device. Figure 3 shows the Fourier 10 10 10
transform of the current for different doping levels, the Density (cm)
three frequency peaks correspond to 3x101 8 cm- 3 ,
1.5x10 1 8 cm-3 and 5x10 17 cm - 3 dopings from higher Figure 4. Oscillation frequency vs electron
frequency to lower frequency. For comparison, the density plot, the solid line represents the peak
amplitudes are multiplied by 100 and 3 for dopings frequencies from the simulation, while the
5x 1017 cm- 3 and 1.5x 1018 cm- 3 respectively. The dashed line describe a simple square-root la%'.

1.5 oscillation amplitude increases as the doping increase
according to the simulation. Strong frequency peaks
occur around 500 GHz. The results clearly show that
the frequency peaks largely depend on the electron

:L 1.0 density in the device and, as the density decreases, the
peak shifts to lower frequency. These results suggest
that the current oscillation are physical. The density
dependence of the peak frequency implies that the
oscillation response is related to the quasi-ballistic and

U plasma response of the free carriers in the channel.
While the peak frequencies in the curves of Fig. 3

0.0 , . change with the density, this does not follow a simple
0 2 4 6 8 square-root law. In Fig.4, we plot the oscillation

Time (psec) frequency against the log density, the solid line is the
results of the simulation and the dashed line is the
simple square-root law. It turns out that the oscillation

Figure 2. Switch current vs time plot for is closer to the square-root law at lower densities but far
simulations with 120x35 grids (solid line) and from the square-root law at high densities This implies
240x70 grids (dashed line). The two curves that the response is not simply a plasma oscillation, but
match very well. that the ballistic response and inhomogeneity and

dimensional modifications of the plasma response are
4-, involved.

0/\ IsFurthermore, with the doping of the device fixed, the
3, change of the gate potential will actually modulate the

electron density in the conduction channel of the device.
We would then expect the same behavior on the shifts

2- of the frequency peaks as we switch the gate voltage
".L -corresponding to the increase or decrease of the electron
E density in the channel. Fig. 5 illustrates two switching
< I processes of the gate voltage, the solid curve results

from the switching process Vg = -0.0 V + -0.5 V -4 -

0 1.0 -4 -1.5 V, and the dashed curve is with a reverse
0.0 0.2 0.4 0.6 0.8 1.0 process Vg = -1.5 V -- -1.0 V -- -0.5- -0.0 V. Both

Frequency (THz) processes give higher oscillation frequency with smaller
gate voltages, which correspond to higher electron
density in the conduction channel of the device. It is

Figure 3. Fourier transform of the currents for also clear that the steady-state currents agree very well
different doping levels. The three frequenc as gate voltage is switched to the same bias from
peaks correspond to 3x10 1 8 cm- 3 , 1.5x 1010 opposite directions. And it needs a longer time to reach
cm " 3 and 5x10 1 7 cm- 3 dopings from higher steady state for smaller gate voltage. This means a
frequency to lower frequency, clearly showing larger oscillation amplitude, a property also similar to
the density dependence of the oscillation, that found for higher doping level. Fig. 6 plots the
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Fourier transform of the currents of the switch shown for the Fourier spectrum at Vd = 2.5 V (Vg is
responses in the process represented by the solid curve switched from -0.5 to 0 as Vd is switched on). The
in Fig. 5. As gate voltage increases, the frequency peak presence of the quantum correction reduces the peak of
shifts downwards and the amplitude is also reduced, as the spectrum, which is indicative of softening of the
one expected. A comparison of the difference between potential steps in time and space, an expected quantum
switch conditions for the same final bias state is made in result. The lower microwave response is thought to be
Fig. 7, where the final gate voltage is -1.0 V, the solid due to the effect of quantum potential smoothing the
curve is for the switching from Vg = -1.5 V to -1.0 V, general potential variation and therefore lowering the
and the dashed curve is for the switching from Vg = - effect of gate charge control.
0.5 V to -1.0 V. The oscillation properties for the two
cases are essentially the same, except the difference Conclusion
between the amplitudes that accounts for the effect of
the different switching process on the response at the We have performed a simulation of an ultra-small GaAs
beginning. MESFET device, using a set of quantum moment

In the simulation, it is very convenient to investigate equations. Interesting time-dependent current
the quantum effect on the oscillation, as one can 'turn oscillation behavior has been observed when a step
off' the quantum corrections. In Fig. 8, the difference voltage is applied to an initial steady state. Detailed
with, and without, the quantum potential terms is investigation of the current oscillation in the time

domain reveals a density dependence of the oscillation
1.5- frequency, which suggests that the oscillations are

,0 .0 V

0.2E Vg =-0.5 V V,

100 '- B

-1.5 V /0.5 =, <

0 10 20

0.0Ti pe)0.0 0.2 0 .4 0.6 0.8 1.0

Figure 5. Current response for different gate Frequency (THz)
voltages with drain voltage fixed to 2.0 V. Figure 7. Fourier spectrum of current for
Here,the solid curve describes the process of opposite switching directions for the same final
increase of the gate voltage, while the dashed
curve is for the process of decreasing gate gate voltage Vg = -1.0 V. The switches are
voltage, from Vg = -1.5 V to -1.0 V for the solid line

and from Vg = -0.5 V to -1.0 V for the dashed
line.

0.3

.Vg =-0.5 V 2

0.2-

S~ 0.11.
Eg

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Frequency (THz) 0
0.0 0.2 0.4 0.6 0.8 1.0Figure 6. Fourier spectrums of the current Frequency (THz)

response for different tate voltages for a single
doping level (1.5x1011 cm-3) as the switching Figure 8. Comparison of the response with
Vg = -0.0 V - -0.5 V - -1.0 -- -1.5 V is (solid curve) and without (dashed curve) the
taken. quantum correction terms in the simulation.
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Abstract This paper describes a theoretical model for this
device, which consists of a GaAs/AlGaAs GRINSCH

A theoretical model for the photon transport transistor single quantum well ridge laser diode integrated on top

(P.T.T.) is developed, based on a set of rate equations. of an N-i-p photodiode (figure 1(a)). This structure

With this model the small signal differential current results in a tight optical coupling between the light

gain P5 ( P = d/c/d/) is calculated and compared with emitter and the photodiode.
The device was named a 'transistor' since it has both

current and voltage gain, it has isolation between the
differential current gain is dominated at low carrier input and the output electrodes, and it is capable of
densities by the spontaneous emission. It thendecreases once stimulated emission becomes dominant inverting an electrical signal. In this device, photons
adcreaes o pse s tlated emssionlbeom he innt rather than minority carriers transit the base region.
and finally collapses to a small value at the lasing The device does not exhibit the Early effect and the

threshold carrier densitiy. We were able to quantify the thickness of the base region does not affect the

non-radiative carrier recombination lifetime, which for

our experimental results was found to be 300 ns, and performances. Experimental devices show a current

the scattering loss in the waveguide, which amounts to gain of 4 and a voltage gain of 10,000.

2.7cm-1 for an assumed total waveguide loss of 5cm-to By forward biasing the photodiode, this device acts
as a solar cell and converts the spontaneous emitted
photons of the laser diode into electrical power, This

Introduction photon recycling results in a 42% reduction of the
threshold pump power of the laser diode [4].

An analysis of the PTT' must focus on the behavior
Nowadays the optical telecommunication systems and of tearris in the lt mtt regn on the

high- speed optical data transmission between digital generation of the photons and on the absorption or

computers have become increasingly important. scattering of those photons last ones as they propagate

Interfacing optical and electrical signals made the t th e photoe yp.

study of optoelectronic devices important. Recent As a strioiop
actiitis fcus n iproing he xisingAs a starting point for our calculation we propose a

activities focus on improving the existing set of rate equations. The steady-state solutions of this
developignewoptoelectronic crcus. as we , a set is then used to calculate the terminal currents
developing new optoelectronic structures. However, (lI-Jc and/aB), and the current gain I . Some important

the technological difficulties in optoelectronic -

integration have not been overcome completely, parameters such as the scattering loss of the

although successful demonstrations were reported [1 ], waveguide a, and the non-radiative carrier

[21. Recently a novel optoelectronic device was recombination lifetime Tnr can be extracted from the
presented, namely the photon transport transistor [3]. model.by comparison with experimental results.
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Enmtet of these photons scatter out of the waveguide region
B and are then detected by the photodiode.

In the analysis we consider three independent
variables: the carrier density in the active region (i.e.
the Q.W.), the carrier density in the photodiode and
the photon density in the lasing mode.

S.Q.W Below lasing threshold, spontaneously emitted
a-AlmaAs -- photons are assumed to be propagating in random

I-G As - directions. The fraction of those photons, which are
pZaAs - - confined within the laser cavity, is characterized by :

(substrate)

(a) 1- 4t 2n3VtAXp (1)

where r , V,, and AXLp are the optical confinement
factor, the active layer volume and FWHM of the

t spontaneous emission spectrum, respectively. The
optical confinement factor F is equal to the overlap
integral of the optical mode profile with the carrier

x 0 x= L density in the Q.W. and is typically r- 0.02-0.04. The
Top view fraction of photons leaving the laser cavity are

characterized by Pz and Oy and are determined from
Z ~the Brewster angles 4)B and W]B in the vertical and

lateral directions. The angles 0 and xV are defined in
I d Figure l(b) The photon fraction Py is amplified

x 0 x = L through stimulated emission while leaving the active

Side view region. The average optical gain of theses photons is

(b) given by:

Figure l(a). Physical structure of the photon WB
transport transistor. (b). Definition of the angle I ( W

coordinates. <g> = - e( 2 )d (2)
J

Rate Equation Model of the PTT -WB

According to their direction of emission, the where G is the optical gain per unit length and VB is
photons will have a different effect on the device. If Brewster angle in the lateral direction.
the photons propagate away from the plane of the The waveguide losses are split up into the
active layer they will end up in the photodiode, absorption of photons within the waveguide and the
eventally after being reflected at the top metal. Some scattering of photons from the waveguide into the
of these photons are absorbed at the metal or in the underlaying photodiode as follows:
different layers. Those are lost for the transistor. If the
photons propagate within the confining layer structure at = a + as, (3)
but away from the active region, they will induce
some stimulated emission. Due to the presence of the where oa and as are the absorption and scattering
absorbing QW-layer we assume that all these photons factors per unit. length.
are eventually absorbed and thus, also lost for the The operation of the photon transport transistor can
transistor. If the photons propagate in the waveguide be described by a following set of rate equations [5 1.
they will induce stimulated emission and eventually
lasing action. Normally all these photons are also lost dNL Je
for the transistor action but we assume that a fraction dt - (Ix+<g>PY+z)RNL)VgrFG ( LSL)SL (a)
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SL -SL 2 Table 1. Material Constantsdt- 3xBNL-Vr"G(NLSL)SL (4b)
P (4b Effective density of states

in the conduction band: Nc = 0.72 1012cm-2

dD Jc 2 in the valence band: Nv = 4.86 1012Cm-2

dt - e +1zB NL+T1VgrasSL (4c) Bandgap of quantum well: E = 1.46eV
Non-radiative time constant : r, = 300ns

Bimolecular recombination

E NL/N. NL/NV constant B = 5 10-5 cm 2s-1

VL = e +VTIn(e -IXe 1)] + Je. L. W. Res (4d) Transparency carrier density: N, = 1.6 1012cm- 2

Second order gain saturation: 8, = 6.5 10-14cm 2

Optial ainsatuatin : e = 1 10-'2cm2

The symbols used in these equations and typical values Optical gain saturation:

of the device parameters and material constants are Group velocity: Vir = 0.75 10'0cms-1

listed in Table 1, Table 2 and Table 3. Equations (4a) Thermal voltage at 300" K: VT = 25.9 10-3V

and (4b) describe the rate of change of the carrier
density NL(cm-2) and photon density SL(cm-2) in the
laser diode. We included spectral hole burning (SHB)
which reduces the optical gain by a factor (1-ESL) Table 2. Device variables
where e characterizes the SHB [6]. The optical gain of Current: I (A)
the laser diode is given by [7], Current density: J (Acm-2)

G(NLSU = A(NL-Ntr'sat.N)-(1eSL) (5a) Carrier density in laser diode: NL (cm-2)
Carrier density in photodiode: ND (cm-2 )

Ntr is the transparency carrier density and 8sat is the Photon density : SL (cm- 2)

second order gain saturation constant. In our model we Voltage across laser diode: VL (V)
assume that the carrier recombination rate equals: Spontaneous recombination rate: R(NL) (cm-2 S-1)

NL +BN2 Optical gain : G(NL,SL) (cm- 1)
R(NL) = + (5b) Waveguide loss: a, (cm-1 )

Spontaneous emission coupling constant

where tnr is the non-radiative time constant and B is in the x direction: 10-4

the bimolecular recombination constant. The photon in the y direction: 0.17
lifetime inside the cavity is determined by the in the z direction: 0.83
reflectivity (R) of the facets, the total waveguide loss
(at) and the length of the cavity (L) in the following
way:

Table 3. Device parameters
tph Vg.(ot + In( )) (5c) Brewster angle in z direction : E 80.4'

Brewster angle in y direction : -895
Equation (4c) states that the carriers (ND) generated or Photon lifetime : t = 7.2 10-'2s
removed in the photodiode come from three sources. Optical confinement factor: F 0.03
The last two terms in equation (4c) are due to the
absorption of spontaneously emitted photons in the z Width of the laser diode: W = 10-3cm
direction and scattering loss from the laser diode. Length of the laser diode: L = 7.5 10-2cm
Owing to the reflection at the top surface metal, most Reflectivity of laser facets: R = 0.31
of the spontaneously emitted and scattered photons
will be absorbed in the photodiode. The first term in Effective absorption efficiency: T -0.91

equation (4c) is due to the photodiode current. The
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effective quantum efficiency il in equation (4c) -1 13

includes the effects of both the reflection at the top 1-.,

surface metal and the absorption in the photodiode.
EeaEquation (4d) relates the voltage (VL) across the laser -e U

diode to the carrier density (NL) in the quantum well *0 0 n
(Q.W.) and the emitter current density (e) Res is the
series resistor of the laser diode, The lateral diffusion M
of the carriers is also included in our model by U9"-
changing the effective width (W) of the laser diode. a 10

Finally we apply Kirchoff s law:

Je = Jc + Jb (5d) __. ___ 7

By setting the left hand side of the equations (4) to 1.1 1.3 1.5 1.7 1.9 2.1 2.3
zero, together with equations (5), we can find a set of VBEIM
steady-state solutions. The resulting D.C. differential Figure 2 Calculated Gummel plot showing the emitter,
current gain B above lasing is: base and collector current as well as the carrier density

ls (6) per unit area versus the base-to-emitter voltage.
1-1 (6)

I (l- l)cs+aa+'ln(R)] 3

A numeric solution of equations.(l-4) resulted in 13

figure 2, which shows the emitter, base and collect .O 2 -CALUATION
current together with the carrier density as a function
of the base-to-emitter voltage. The onset of lasing can
easily be recognized as the point at which the carrier 1.
concentration and the collector current become almost U
independent of the applied voltage.

Comparison with experimental results 0 - -5 -4 -3 -2 -1-7 - - -4 - -2 -

10 10 10 10 10 10 10
Figure 3a. compares the calculated and measured Base current [A]

current gain below and above the lasing threshold. At (a)
low current density, the current gain depends 3
primarily on the ratio between the spontaneous
emission and the non-radiative recombina:ion. Tor 3OOns
Knowing the bimolecular recombination rate and 2
measuring the collector current at which P5 =1, one U loons
can obtain the non-radiative time constant from: 30rs

0
The experimental value obtained is Tnr = 300 ns. 10-7  10-  10-5  10 -4  10-3 10-2  10-1

Figure 3b. shows the calculated gain curve for Base current [A]
different non-radiative time constants. The figure (b)
illustrates the sensitivity of the gain curve to the Figure 3(a). Comparison between the calaulated
non-radiative time constant. (Note that the horizontal current gain with the experimental results, 3(b).
scale is logarithmic). Therefore we can use the gain Current gain versus base current for different values of
measurement to accurately determine the non- the non-radiative lifetime.
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radiative time constant of the laser. No other method current gain. By increasing the lateral confinement,
can provide tn, of a laser diode with the same ease one could reduce this lateral loss of photons yielding

and accuracy. an increased current gain of the photon transistor and a

For intermediate current densities we observe the reduced threshold of the laser diode. The current gain

gain to decreases with increasing pumping current. collapses at the lasing threshold. The residual gain is

This is caused by increased stimulated emission of due to the scattering loss of the laser cavity. A

photons which remain confined within the guiding comparison with our model yields a value of 2.7 cm-1.

layers of the laser structure and are not coupled into And finally, since the residual gain does not change

the photodiode. Since these photons are caused by an significantly with increasing photon density, optical

increased emittor current, but do not contribute to the gain saturation is negligible in our device.

collector current this effect reduces the observed
current gain. The fraction of photons lost in the lateral Acknowledgment
direction is determined in our model by the Brewster
angle W8. Assuming a step index waveguide one The authors like to thank Dr. Ch. Harder of the IBM

obtains a Brewster angle of 85. The actual value we Zurich Research Laboratory for providing the photon
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Subpicosecond Jitter Triggering Using Resonant Tunneling
Diodes
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Abstract switching times as low as 6 psec, whereas
Resonant tunneling diodes (RTD's) have Esaki tunnel diodes have switching times of

been monolithically integrated with resistors to only 20 psec [2,3]. Second, Esaki tunnel diode
form trigger circuits. These circuits have been pulse generators have a voltage swing that is
used to trigger signals at frequencies as high as limited by the bandgap of the material. The
110 GHz. voltage swing of the RTD pulse generators can

be easily changed by proper device design. In
Introduction addition, Esaki tunnel diode circuits must be

Resonant tunneling diodes (RTD's) with built from discrete parts. We have developed a
their superior high frequency characteristics are fabrication process for monolithic RTD
attractive for high speed applications. As integrated circuits. Therefore, by replacing
RTD's have terminal characteristics very Esaki tunnel diodes with RTD's, we can
similar to the Esaki Tunnel Diode, current high achieve both faster and simpler circuits.
speed applications of Esaki Tunnel Diode are
good targets for this new tunneling device. One Experiment
such application is high frequency trigger We first investigated the triggering
circuits. performance of a circuit that contained a single

The principles of a trigger circuit have been RTD. The circuit consisted of a resonant
explained in a paper by Arpad Barna [1]. A tunneling diode shunted to ground in the
device used as a threshold detector must have middle of a coplanar transmission line. A DC
two threshold levels and hysteresis. The bias and the sum of two different signals were
hysteresis, which differentiates this circuit from applied to the transmission line. One signal was
a limiter in which the output is continuous, a high frequency (HF) sinusoid with a
eliminates output fluctuations due to noise relatively small amplitude. The other signal was
when the input reaches the threshold level. This a relatively slow sinusoid with a larger
type of circuit has already been realized by amplitude. The resulting sum resembled an HF
using Esaki tunnel diodes. But, the frequency signal superimposed on a slowly rising ramp
performance has been limited to a maximum of function. For such an input voltage, switching
20 GHz due to the speed limitations of Esaki occurred near the maximum of the HF signal.
tunnel diode. The train of switching pulses generated on the

RTD's have many advantages over Esaki transmission line is then synchronous with the
tunnel diodes. One such advantage is speed. HF signal and can be used for triggering in
RTD pulser-circuits that we have recently other experiments.
fabricated and tested have been shown to have To demonstrate useful triggering, the

136
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PowernBias

RF Scope
60 Gz NoInput

Figure 1. Experimental set-up for using the RTD circuit for triggering 60 GHz.

Voltage
(50 mV /div) __________________

16.6 psec

Time
(10 psecdiv)

Figure 2. Oscilloscope trace of a 60 Glz signal triggered by the RTD circuit
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Source

IDC1 DC2

Figure 3. Circuit schematics of the new RTD trigger circuit

output of the RTD circuit was applied to the signal. As explained before, such an input
trigger input of a digitizing oscilloscope forces the first diode (RTD1 in Figure 3) to
(Fig.1). To ensure that the triggering was not switch around one of the maxima of the HF
due to the synchronization of the slow signal signal. This switching then results in an instant
with the fast 60 GHz signal, a 499 MHz bias level change for the second RTD (RTD2 in
(which is not a subharmonic of 60 GHz signal) the figure). If the DC bias level of the second
slow signal was chosen. Observation of the 60 diode is chosen appropriately, the switching of
GHz signal which is triggered by the RTD the second diode occurs around the maximum
circuit is shown in Fig. 2. This was at a slope of the HF signal. This translates as less
frequency three times higher than what can be timing uncertainty for the switching step when
obtained with conventional trigger circuits compared to switching around the maximum of
using Esaki tunnel diodes, the HF signal. The voltage step produced by

Although triggering performance up to 60 RTD2 is now synchronous with the HF signal
GHz was achieved, jitter was a limitation. In and as it had lower jitter, it can be used at
this circuit, the switching of the RTD occurred higher operating frequencies.
around one of the maxima of the HF sine We have tested this principle in our circuits
waveform at a point where the slope is a using -F signals at W-band frequencies (75-
minimum. This translates as a maximum timing 110 GHz). Signals at this frequency range
uncertainty in the switching event and a were obtained by using microwave
resulting voltage pulse with maximum timing synthesizers and W-band waveguide
jitter. Such a timing jitter severely limits higher multipliers . We used a W-band to V-band
frequency operations. adapter and a microwave probe with a V-band

In order to overcome this jitter problem we input to apply the the signal to the circuit. A
have pursued a two diode approach. ramp signal at 60 MHz with a DC bias was
Previously, a similar approach using hybrid applied through the bias input of the microwave
connections of Esaki tunnel diodes, was shown probe. This DC bias was used for biasing the
to have operating frequencies up to 18 GHz RTD1. RTD2 was biased from the other end of
[4]. Using our fabrication process we the circuit by another microwave probe which
monolithically integrated a circuit consisting of was also used to get the switching step as the
two RTD's and a resistor. The circuit was output signal. The output signal was then
connected through coplanar transmission lines applied to the trigger input of a Tektronix
(Figure 3). Microwave probes were used to CSA803 waveform analyzer with a SR-32
apply the input signal and to extract the output sampling head. The input of the sampling head
signal. was fed with the output of another W-band

High frequency experiments were carried multiplier which shares the same microwave
out by applying the sum of a ramp and a high synthesizer with the first W-band multiplier.
frequency (HF) sine waveform as the input We then observed the HF signal on the
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Figure 4. 2-diode RTD trigger circuit has been used to trigger off a 110 GHz signal

oscilloscope. A typical measurement at 110 suited to time base measurement systems. Our
GHz is shown in Figure 4. This is at a work has shown the possibility of broad
frequency six times higher than that obtained system applications of the device as a timing
with trigger circuits using Esaki tunnel diodes. element.
Furthermore, we have done jitter measurements
of the observed signal using the waveform Acknowledgments
analyzer. Jitter measurements were made by The authors are grateful to M. Shakouri for
taking 1000 samples recorded in a total of 60 the valuable help in the high frequency
seconds. We were able to measure as little as measurements, Y. C. Pao for the material
0.75 psec timing jitter. Most of this timing jitter growth and B. A. Auld for useful discussions.
was introduced by the waveform, analyzer and
the high frequency synthesizers. This shows References
that our circuits indeed have timing jitter in
hundredsoffemAtoscondsurange. 1. Arpad Barna "Nanosecond Trigger

Circuits," IEEE transactions on Nuclear
Conclusion Science, p. 17-21, 5 Oct. 1973.

Currently, the largest commercial 2. S. K. Diamond, E. Ozbay, M. J. W.
application of tunnel diodes is trigger Rodwell, Y. C. Pao, E. Wolak, J. S.
recognition in high-speed oscilloscopes. We Harris and D. M. Bloom, "Fabrication of
expect that it is here that the RTD will also find Resonant Tunneling Diodes for switching
its greatest utility. As has already been applications," Electron Device Letters,
demonstrated, RTD's fabricated with the planar EDL-10, p. 10 4 -10 6 (1989).
process that we have developed can be used to 3. E. Ozbay, S. K. Diamond and D. M.
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Abstract To, n, To o.
Abtat(a) D, T D2  Dn2- 2 D.. -1 D,, T.D.

Using soliton propagation effects in GaAs nonlinear
transmission lines, we have demonstrated picosecond 1, 1,2 I1 1.

impulse generation and broadband frequency multi- (b) V1 -- V v2 V-v - V --

plication. - " L ... f...

Cv) C20) C..O) C.-(V) C.(V) C-MV)

Introduction Figure 1: Nonlinear transmission line consisting of
(a) a high-impedance line periodically loaded with

Picosecond duration, large-amplitude electrical im- diodes, and (b) its LC equivalent circuit.

pulses have broad applications: as strobe genera-
tors for sampling and switching circuits, as high- Solitons on NLTLs
order harmonic generators, and as stimulus signals
in high speed electrical measurements. Broadband A solitary wave is a traveling wave having a local-
harmonic multipliers are also very useful as medium- ized transition, such as a voltage pulse, and propa-
power sources in millimeter-wave systems. gating without distortion in a nonlinear, dispersive

Picosecond shock waves have been generated on medium. Solitons have the further property that
GaAs nonlinear transmission lines (NLTLs) [1,2,3]. they preserve their shape and velocity after collision
In circuits requiring a pulse waveform, the NLTL with other solitons [4]. The soliton can be qualita-
output must be differentiated. Here, we discuss tively understood as a pulse waveform for which the
methods for frequency multiplication and direct im- effects of nonlinearity and dispersion are balanced.
pulse generation using NLTLs similar to those used NLTLs provide a nonlinear, dispersive medium for
in shock-wave formation. This method of impulse soliton propagation [4,5,6]. An NLTL (Fig. la) is a
generation results in significant pulse amplitude in- ladder network of high-impedance transmission line
crease in the absence of skin-effect losses, and has the sections (T,,) periodically loaded with reverse-biased
potential for generation of picosecond pulses with diodes (D,) serving as voltage-variable capacitors.
amplitudes in the tens of volts. If the diodes D, have capacitance C,,d(V) and the

line sections Tn have characteristic impedance ZL
and electrical delay r, then the approximate equiv-

*On leave from Shimadzu corporation, Kyoto, Japan. alent circuit (Fig. 1b) is an LC ladder network with
tThis work was support by the Air Force Office of Scientific = ZLr and C(V) = Cnd(V)+(7n.1+rn)I2ZL.

Research under grant number AFOSR-89-0394.t Varian Associates 111-V Device Center, Santa Clara, CA The NLTL is then a synthetic transmission line with
95054. nonlinearity arising from the diodes, and dispersion
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arising from its periodicity. Above the Bragg cutoff 1
frequency fb = wb/2" = 1/= l2lvVI? , waves do
not propagate.

If the capacitance at node n has the form C,(V) -
Co/(1 + VIVo) and Ln = L for all n (i.e., if the line
is homogeneous), the LC ladder network supports
propagation of solitons [5] of the form > Input

Vn(t) = Vmasech2 (1.212(t - nTD)/TFWHM) , (1) otup.t
-10

where 0 Time (no) 1.2

TD = i/LCoVo/V,, sinh-'(h/i 7 ;J7Vo) (2) Figure 2: Simulation of a raised-cosine pulse decom-
posing into two solitons on a homogeneous line.

and
TFWHM = 1.212vLCoVo/Vma.. (3) 1

,For given transmission line and diode characteris-
tics (L, C0 , and Vo), the soliton amplitude Vma_ has
a unique corresponding full-width at half-maximum 5.

(FWHM) width TFWHM and pr-pagation delay per 0
section TD.

On the NLTL, impulses of amplitude Vma: hav- Input
ing duration TFWHM > 1.212 /LCo V0/Vma: corre- Output
spond to a nonlinear superposition of a set of solitons
having differing amplitudes (i.e., different V,,a's) _10_ _

and hence differing per-section propagation delays
TD; applied to the NLTL, the impulse will decom- 0 Time (ns) 2
pose into this set of two or more solitons [5] during
propagation. Figure 2 shows a circuit simulation of Figure 3: Simulation of a broad pulse decomposing
a V.,. = 6 volt, TFWHM = 62.5 ps FWHM raised- into three solitons on a homogeneous soliton line.
cosine input impulse splitting during propagation
into a pair of solitons by the 26' h diode. The larger
soliton has Vmax = 8.9 volts and TFWHM = 27 ps. A sinusoidal input at frequency w corresponds to

In this and subsequent simulations, we modeled the a repetitive train of negative-going input impulses
NLTL structure as a high impedance (909) trans- of duration TFWHM = 7r/wI. On the NLTL, each
mission line loaded by diodes whose model param- of these pulses corresponds to a superposition of a

eters matched those of our process. By fitting our set of solitons which subsequently separate during
C(V) characteristics to the C(V) assumed in the propagation. Applying a 15 GHz, 20 dBm input to
above solutions, we estimate the characteristic pa- a 20-diode monolithic NLTL with fb = 44 GHz, each

rameters of this simulated soliton line as L - 1 nil, negative cycle of a 15 GHz, 20 dBm input decom-

Co ; 740 fF, and Vo ; 3.6 volts. The fb of this poses into a pair of negative-going pulses which pro-

network is 16 GHz with the diodes biased at -3 volts gressively separate during propagation (Fig. 4), as

(i.e. the average of the input pulse voltage), measured using electrooptic sampling [7]. A strong

With a broader input pulse, a larger number of second harmonic component is generated in the out-

solitons is produced. Figure 3 shows a simulation of put.

a Vm.. = 6 volt, TFWHM = 94 ps FWHM raised- With further propagation on a longer NLTL, the
cosine input impulse decomposing into three solitons lower-amplitude soliton of a given input cycle merges
by the 4 2 ,d diode on the same NLTL as used in the with the larger-amplitude soliton of the subsequent
first example. The largest of the three solitons has input cycle, and the input waveform is recreated,
Vrnax = 7.9 volts and TFWHM = 31 ps. decreasing the second-harmonic power to zero. This

recurrence phenomenon forces a limit to the length
Harmonic Generation of the NLTL for efficient harmonic conversion [8].

Pulses much longer than 2 7r/wb separate into pro-
We use the splitting of input pulses into pairs of gressively larger numbers of solitons; a 10 GHz in-
solitons as a method of second-harmonic generation. put (Fig. 4) decomposes into sets of 3 solitons per
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Figure 5: Simulated and measured conversion loss
Diode 19 in second harmonic generation.

OutputO

Figure 4: Experimentally observed waveforms illus- > Inu

trating soliton decomposition on a 20- diode NLTL. Diode 26 Otu
-10

cycle, and a strong output third harmonic is gener- 0 Time (na) 2
ated, Efficient 2 nd harmonic generation thus occurs Figure 6: Simulation of soliton impulse compression
for wb/ 3 < wi < w612. on a two-stage step-tapered NLTL.

A 20-diode NLTL distributed harmonic generator
was fabricated, having ZL = 9011, r = 4 ps, and
fb = 44 GHz. The NLTL's characteristics fit to the of solitons. Longer input pulses decompose into pro-

soliton line model are L : 0.36 nil, Co zt 274 F, gressively larger numbers of solitons [5]. To attain
and V - 3.2 V. Neglecting skin-effect losses, circuit larger impulse compression ratios while maintaining
simulations using a harmonic-balance algorithm pre- predominantly a single impulse, a step-tapered net-
dict 3 dB conversion loss at peak efficiency, and < 6 work consisting of cascaded sections of NLTLs with
dB loss from 13.2 to 18.1 GHz input frequency. progressively decreasing diode spacings and sizes, or

Conversion efficiency was measured on-wafer us- equivalently progressively decreasing characteristic

ing wafer probes, microwave synthesizer, and spec- time constant ,/TO, can be used. Figure 6 shows

trum analyzer. With 20 dBm input power, the a simulation of a cascaded impulse compression line

NLTL attains 9.3 dB insertion loss at peak efficiency with 80 diodes and two compression sections. For
and 13.5-18 GHz bandwidth at < 12 dB loss (Fig. the first compression section of 26 diodes (n = 1
5). The lower-than-predicted conversion loss arises to 26) the ladder network parameters are L, 1
from skin-effect losses on the 90Q2 line sections (1.4 nH and Co, - 740 ff as in the previous simulation,
pm thick gold with 10 pm line width), which have while the second, cascaded compression section of 54
relatively low Q. When skin losses are modelled, diodes (n = 27 to 80) has L,, , 500 pH, Co,,, : 370
measured conversion loss is - 2 dB greater than ff; V Z 3.6 volts in both sections. Within each
simulation. Circuit implementation with less bossy compression section, the line is homogeneous. In the
inductors will permit conversion efficiency approach- first compression section , the input impulse splits
ing 3 dB. into a pair of solitons, each having impulse width

related to impulse amplitude by Eq. 2, where L ;, 1
Impulse Generation nH and Co 740 if. Applied to the second com-

pression section, each of the two impulses from the
A pulse with TpWHM > I.212VLCo~/Va: input first section have TFWHM longer than the soliton
to an NLTL will decompose into its characteristic set duration in the second line section, because of the
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_28_ _ 1Figure 9: Measured 5.5 ps FWHM impulse train
28 generated by the continuously tapered NLTL. 8

0 Time (pa) 700 GHz, 20 dBm sinusoidal input.

Figure 7: Simulation of soliton impulse compression
on a continuously tapered NLTL. Voltages are shown
at the input, after 8.9 mm and 17 mm propagation, volts, and the line has 66 sections. The SPICE sim-
and at the output. ulation includes diode series resistances r, consis-

tent with an 865 GHz diode zero-bias cutoff fre-
quency, but skin-effect losses cannot be modelled.
Harmonic-balance simulators allow skin-loss mod-

Eelling, but do not converge when simulating tapered
impulse compressors. The SPICE simulation shows

a 50 ps FWHM, 6 volt raised-cosine impulse at the
input compressed to a 0.5 ps, 26 volt impulse at the
output.

s Nea, Using the circuit parameters of the simulation
Figure 8: Measured step response of the on-wafer above, continuously tapered impulse compression
sampling circuit. The sampling circuit has a risetime lines were fabricated on GaAs semi-insulating sub-
of -1.26 ps and 275 GHz bandwidth. strates. In the monolithic structures, we again use

V0 = 3.6 volts and C0 0 = 740 fF (for a 508 pm 2

2 : 1 decrease in VTO. Each of the two impulses diode) to provide an approximate fit of the soliton
is thus again split during propagation into a pair of model capacitance [5] C,(V) = Co,./(1 + V/Vo) to
solitons. The line output, at diode 80, then con- the combined hyperabrupt diode and transmission-
sists of 4 impulses, the first of which at Vmaz = 9.31 line capacitance. The characteristic N time
volts and TFWHM = 13.8 ps, has 4.5 : 1 shorter constant grades from 27 ps at the line input (n = 0)
duration than the input. More homogeneous com- to 0.46 ps at the output (n = 66). An on-wafer
pression sections, with progressively smaller V=O 275 GHz bandwidth sampling circuit [3] measures
time constants, could be added. In each successive the impulse generator's output. The step response
section, the leading impulse is compressed further, of this sampler is shown in Figure 8. In testing, an
providing a very large compression ratio, but also 8 GHz, 20.7 dBm sinusoidal input superimposed on
generating a large number of parasitic (undesired) a 2.75 volt negative bias generated (Fig. 9) an out-
impulses extending over a long period of time. put 3.9 V-p, 5.5 ps FWHM impulse train with 30%

Impulses can also be compressed [6] in inhomo- pedestal amplitude.
geneous NLTLs where the diode spacings and diode The low (3.9 V measured, Fig. 9, vs. 26 V sim-
capacitances are continuously tapered. We let the ulated, Fig. 7) output amplitude arises from high
transmission line lengths r7, = knro, and diode ca- skin-effect losses on the - 2 cm long structure, not
pacitances Cnd = knCod decrease (k < 1) in an modelled in the simulation. This loss in amplitude
exponential progression along the NLTL structure. greatly inhibits impulse width compression, since the
The inhomogeneous NLTL is a limiting case of a diodes provide less nonlinearity for a smaller voltage
step-tapered network having a large number of cas- swing. Sinusoidal drive also degrades compression
caded homogeneous compression sections, with each efficiency. As with the harmonic generators, skin
section having only one diode. For the exponentially loss can be reduced by using less lossy interconnect-
tapered network (Fig. 7), circuit simulations predict ing structures. More abrupt diode doping profiles
formation of a highly compressed impulse accompa- will reduce V0 , reducing the propagation distance
nied by a pedestal. In the simulation, k = 0.94, necessary to separate solitons, and hence reduce the
r0 = I I ps, ZL = 90 0, Co,0 % 740 iT, V z 3.6 overall device length.
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Summary Monolithic Integrated Circuit Sampling Head,"
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transmission lines (on the order of 750) or planar Science," Proc. IEEE 61 (10), 1443 (1973)
spiral inductors, both of which have higher Q than
the 905 lines in the current structure. Once these [5] R. Hirota and K. Suzuki, "Theoretical and Ex-
metallic losses have been reduced, - 20 volt, - 1 perimental Studies of Lattice Solitons in Non-
ps impulse generators and - 3 dB conversion loss linear Lumped Networks," Prococeedings of the
second harmonic broadband multipliers will be real- IEEE 61 (10), 1483 (1973)

izable. [6] M. Tan, C. Y. Su, and W. J. Anklam, "7X Elec-
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I. Introduction motivation for selecting the CPS geometry as
transmission media is presented, also. In Section III,
we address the issues of designing a complete small-

Progress in the research of modern semiconductor signal device characterization fixture.
devices has advanced their response frequencies above II. Stimulus Measurement, Generation and
400 GHz.[I] Such performance exceeds the
conventional, purely electronic test instrumentation Propagation.
bandwidth, with the major limitations being imposed We have used a balanced colliding-pulse mode-locked
by the connectors and waveguides that are required for laser providing 100-fs pulses at 100 Mz [7, along
signal coupling to the device under test (DUT). This wa to -stg l00 -in dee t echn in alof
lack of convenient and accurate high-bandwidth device with a two-stage lock-in detection technique in all of
characterization methods imposes a serious obstacle to the following experiments.[8] The electro-opticprogessin smicnducor evic deelopentand measurements were perforned with an external electro-
progress in semiconductor device development and optic transducer.[6] The substrates used were ion-

utili aftio oimplant damaged silicon-on-sapphire (SOS) to allowUltrfas opoelctrnic echiqus povie a for photoconductive generation of sub-picosecond
viable alternative to electronic ones. In particular, pulses.[9
photoconductive switching is used for multi-hundered- p e hl[n]
gigahertz-bandwidth electrical-stimulus generation, and We have selected the external electro-optic
photoconductive or electro-optic sampling are used for sampling technique for its excellent bandwidth and thesimiar andwdthmeasremnts[2-5 Thir avanage fact that it may be used with any circuit substratesimilar bandwidth measurements.J[2-5] Their advantagemaeil Th ac u cy nd nv s e e s of u h a
lies primarily in both the stimulus-generation site and material. The accuracy and invasiveness of such a
response-measurement planes being physically close to shows the possible sources of error that affect the
the DUT. This has the potential to completely accuracr of erron of electrthe
eliminate any discontinuities, although the previously accuracy of EEOS: i) the reflection of electrical
reported measurements have been bandwidth limited by signals from the vertical interfaces of bulk LiTaO3 ; ii)
two other factors -- the choice of microstrip lines as the switch-emitted radiation reflecting from the
transmission media, and photoconductive sampling as substrate boundary up to the measurement sight; iii)
measuremnt technique. the transmission line impedance change induced by the

We now report the first application of the LiTaO 3 material appearing as a superstrate.
external electro-optic sampling (EEOS) technique Our investigations have shown that the
combined with high-bandwidth coplanar strip primary source of error can be attributed to the LiTaO3
transmission lines (CPS) [61 for the extraction of bulk electrical resonance.[10] Figure 2 shows the
small-signal S-parameters of an active device. This response signals of a picosecond photoconductor
technique enables one to determine device switch embedded in a CPS measured with external
characetristics to a frequency of 100 GI-IZ without electro-optic probes (EEP) of various thickness. We
extrapolation. In Section II, we discuss the parameters can readily identify the resonances directly related to the
and the results affecting the selection of elecro-optic EEP thickness in the top three traces. However, the
sampling as the measurement technique of choice. The thinnest (20 g.m) EEP is small enough to behave as a
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lumped element and suppress the bulk resonance. The
response measured with this probe is the same as that U.O, O

expected for the photoconductor switch. The small
amplitude bulge appearing on the tail of this signal is _
due to switch radiation detection by the EEP [(iii) in PM
Fig.l1. This phenomenon is common to all M
optoelectronic technique, but can be easily handled by
increasing the substrate thickness. The small shoulder ,
on the falling edge of the pulse is due to the reflection _ M
of the electrical signal from the output facet of the

EEP. We note, however, that we are typically .. .......
interested in the relative difference between two 0 o10 Is 20 21 30 31 40

measurements. Thus, this linear response perturbation Tk, 06)

is cancelled out in the frequency domain and high
measurement accuracy is maintained. Figure 2. EEP measured signals.

Probe Probe
beam beam .......... .

FuSed .OC5k ..;>

Excitationbeam

(i) b aca .  .  ...
bea .~c ..............

Figur 1 . .......................................... !i~i~ii...................... . . . . . . . . . . . . . . . . . . . . . . . . .

Si on i
sapNreL _U

Side view End view

Figure 1. External electro-optic probe, with reflection Sapphire.
sources that may create error. 05V

The invasiveness of the EEP was determined
by measuring the additional phase delay introduced by ov 0.1 VO.2V o.3V 04V

the EEP material. The effective superstrate
perimttivity computed from these measurements was Figure 3. Equipotential lines around CPS with EEP.
-5, which is substantially below the LiTaO3
permittivity of 41. The reason for this discrepancy can
be seen from Fig. 3, where the equipotential lines for a lines. The microstrip response is longer in time
CPS on a sapphire substrate are plotted. The dielectric indicating lower bandwidth. The electrical signal
screening of the LiTaO3 material, combined with the round-trip time between top electrode and ground plane
air gap due to finite CPS metallization thickness and is greater than the photoconductor-switch response
mechanical imperfections, expels the electric field out time, resulting in substantial ringing in the microstrip
of the high-dielectric-constant EEP. The result is an response. Thus, the CPS is a better choice for high-
only slightly reduced impedance of the CPS over the bandwidth stimulus generation. Additionally, the
length where the EEP is positioned. planar nature of the CPS potentially allows for a

The selection of microstrip or coplanar strip parasitic-less integration with the planar devices under
transmission line is dictated by the considerations of test (i.e., connections through via holes to microstrip
high bandwidth electrical signal generation and ground plane are not necessary).
propagation properties. The microstrip bandwidth is The propagation properties of the CPS have
primarily determined by the thickness of the dielectric been investigated to determine the most suitable
substrate, and mechanical constraints impose an upper geometry. The dispersion and the attenuation
limit on its bandwidth. However, the CPS is characteristics can be obtained from the ratios of the
photolithographically defined and can be scaled to Fourier transforms of electrical signals measured at
much higher bandwidths. Figure 4 shows the spatially separated points along the CPS. For
responses of 50-0 microstrip and CPS transmission example, Figure 5(a,b) shows such data obtained from
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a CPS with 30-lim electrodes spaced by 20;jm. The 8
calculated results are from semi-empirical analytic
formulas.[1]I We should note the good agreement 75 . CM
between the measurements and calculations over a >
tremendous bandwidth of near-dc to near-THz
fequencies. 7

6.5

al 6

,.5 5.5l " 'J

1 100 1000
Freq (GHz)

CAPWW wo(a)
2.5

0

___________________ -s 2 1- omputedl

0 5 10 15 20 25 30
ThftA) E. 1.5

Figure 4. Photoconductor switch responses. 1 1

III. Device Characterization. =< 0.S

The results from the previous section were combined 0
into a device S-parameter characterization fixture 0 200 400 600 800 1000
shown in Fig. 6. The device is wirebonded into a Freq (GHz)
symmetric CPS holder allowing for two-port network
analysis. The CPS had 50-gm-wide conductors (b)
separated by 5 gm, and it was fabricated on an ion-
damaged, silicon-on-sapphire substrate. FigureS. CPS dspersion and attenuation.
Photoconductor switches are embedded into the CPS
and the dc biases are brought to the DUT on the same
lines as the broadband stimulus pulses. Two p S ,
measurement points on the input CPS were used to
characterize its dispersion and attenuation
characteristics. A measurement point on the input
CPS was used to obtain the incident and reflected
signals. It was separated by 1.2 mm from the DUT to
allow for time-windowing of these signals. The input
CPS is sufficiently long so that one can separate in
time the reflected DUT signal from signals arising at
other discontinuities. A measurement 200 lam from
the output of the DUT was used to obtain the forward
transmission signal. Again, the CPS was long
enough to time-window the transmitted DUT signal Figure 6. S-parameter characetrizationfixture.
from those due to other discontinuities. Following a
similar procedure at the output side, two-port time- improves charge density, which more than
domain characteristics can be measured. compensates for somewhat lower mobility. 121

The DUT was a 0.15-ptm-gate-length Figure 8 shows the signals measured on the
pseudomorphic heterojunction FET supplied by gate input and drain output of the DUT. The
General Electric. Its design, shown in Fig. 7, is measurement plane is removed from the DUT,
different from conventional high-electron-mobility allowing us to time-window the incident and reflected
transistors. An AIGaAs/GaAs superlattice is used signals. We see that the input signal recovers to zero
below the channel to improve carrier confinemenL An baseline before the reflected signal arrives. The long
additional planar doped layer in the strained channel input CPS assures that the DUT reflected response
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0.8
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Figure 7. Heterojunction Field-Effect Transistor.
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Figure 8. Time-domain signals measured via EEOS
for network analysis. 0.1

0

recovers to zero before any other reflections arrive to
the measurement plane. Similarly, the drain output is 0.1
seen to recover to zero completely within the 0.2

measurement time-window. 0.3

The reflection (Sit, S2 2) and transmission
(S21, S 12) S-parameters were obtained from the ratios
of the Fourier transforms of the reflected, transmitted
and input waveforms from both the gate and drain sides I
of the device. The effective measurement planes were 0.6
shifted up to the DUT wirebonds by taking into 0.e
account the phase delay and attenuation introduced by 0.4

the lengths of CPS separating the physical 0.2

measuremnt planes. Figure 9 shows the S-parameters 0
extracted from these measurements up to 100 GHz. 0.2

For comparison, S-parameters obtained from 0.4

conventional HP8510 measurements up to 40 GHz for 0.8

a similar device are shown, too. It can be seen that0,
the agreement is quite good in the range where
;onventional measurements have been made. The
liscrepancy in the S22 measurements is currently under Figure 9. Measured S-paramaters.
investigation, although it might be attributed to the (-) EIO up to 100 GHz;
lifferences in the DUT or in the wirebond parasitics. - -) HP8510 up to 40 GHz.
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Abstract fabricated on such substrates. In contrast, photo-
A new microwave waveform sampling system, conductive sampling can be applied to other sub-
which employs a combined optical phase-locking stratcs, such as Si, but it can only be used to sam-
and photoconductive sampling techniques, has ple waveform at particular point in a circuit where
been demonstrated. This system can directly dis- additional electrode must be incorporated. In this
play a replica of microwave waveform on a conven- paper, both techniques will be described for the
tional oscilloscope. waveform measurements, and either technique can

be used in the experiment.

Introduction Sampling principle
Waveform measurement and dispay are very Sampling technique is a well known method to

important for characterizing oscillator, amplifier scale down high frequency repetitive waveform to a
or other device output performance. At frequen- low frequency waveform. Fig.1 shows the sampling
cies below 400 MHz, conventional real time os- principle in time domain.
cilloscope is the usual means to study this kind The narrow optic pulse train gates the in-
of waveform, while above 400 MHz, sampling put microwave signal, produces the output pro-
scope takes this place. At present, conventional portional to the input value at the particular time
RF/microwave sampling scope has a maximum
bandwidth of 20 GHz. A superconductive sam-
pling scope, (by Hypres, PSP-1000) has extended
the bandwidth up to 70 GHz, but this instrument
is designed to operate at cryogenic temperature, I [ I I ! I I I
cooled with liquid helium during normal opera- . . . ..
tion. (fk, t) Liwp.M.n

Unlike electrical sampling, optical sampling
technique can easily detect waveform of frequen-
cies above 100 GHz, since picosecond or subpi-
cosecond laser is presently readily available. The f- N kfr tN*i N tj +t ( fr/fL )
most comnonly used techniques for optic sam-
pling are electro-optic sainpli.g and photoconduc- Let fk/fF - M, thenit- N t. ±6,M I
tive sampling. Electro-optic sampling is only ap- f. -(N MtI) fr
plicable to GaAs, InP substrate materials, which V.(tL)= V.( N t. /M) - V.(. t./ M)

have electric induced birefringence; but this tech-
nique can be used to sample waveforms at any Figure 1. Sampling principle (for N=2, M=4, "

arbitrary point in a digital or microwave circuit ").
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moment. If the microwave signal satisfies the fol- by a fiber pulse compressor. The compressed pulse
low conditions: with width of 3 picosecond and wavelength of

1.06 fan is partially applied to the E-O sampler

f. Nfl, ± flF in the PLL. The most of energy is used in the fre-

quency doubler. Through an optical delay line,

or the produced 0.53pni light is employed to activate

tL Nt,n, +Atrn the photoconductive sampler.

where N is integer, fib' << fL, At., = t,,,/A, ,. Freq. Synth. 38MUz Laser

A = fL/flF, M represents the number of sam-
pling points per period, which may not an be in-

teger. Then

V.,(tL) = l ,(NVt, -_st.) = __n(+t,,

Thus, the equivalent time enlarge factor is: Dtcr Filt

vo__tag+-_- M/

ontrolled G c,L( t,, + t. Microwave ,

t ? (N_ , At ,) = (N M +I) Oscillaor

-- J F-Nf + 9.5MH,

GaAr Phass-lockoed

HP86222B 0.01-2.4 GHz Microslrip Microwave
HP86241A 3.2-6.5 GHz Lire Output

where the minus sign represents reverse time se- HP86260 10-15 GHz

quence. With sufficient sampling point Al, the
IF waveform should be sinilar to the microwave Figure 2. Phase locked loop.

waveform but with +(NM+I1) time enlargement.

Phase synchronization Optical-microwave intermixing scheme con-

Since time synchronization between ml- sists of a GaAs microstrip line, a polarizer and
crowave signal and laser pulses is essential for ap- a photodetector. The microwave signal modu-

plying sampling technique to reproduce a high lates the reflected laser beam in the GaAs sub-

quality waveform, any time jittering between the strate via the E-O effect. The demodulation can
two signals can result in iiiaccuracy in wdveform be achieved by using the polarizer and photode-

measurement. The synchronization cran bw estab- tector. The output signal from the detector is am-
lislied by using a s(,!list ica ted frequ, - svnthe- plified by a 9.5 MH7 amplifier with a gain of 80
sizer as the inicrowave sourcc and syi,,ironizing it dl1. and then mixed with a 9.5 MHz reference sig-

with the laser acoustoolptic (AO) modulator driver nal derived from the driver of the same AO mod-
( another frequency synthesizer ) [I. This type ulator that mode-lock the laser. The resultant

of system is very coml)ex and expensive, espe- error signal is applied to the controlled terminal

cially when applied to the nillimeter wave fre- of the microwave generator through a loop filter.

quency range. Moreover, the usage of this tech- The microwave signal source used in the PLL is a
nique is limited and can not be applie(d to measure voltage-controlled oscillator (VCO), currently rep-
waveform of oscillator signals. Other methods to resented by signal generators: HPS6222B (0.01-2.4

maintain the coherence between microwave oscil- GHz), or HP86241A (3.2-6.5 GHz) or HP86260

lation and laser pulses arc indirect optical locking (10-15 GHz). The locked frequencies are: f, =
of a free running iillimiieter wave IMPATT oscilla- NfL + flF, where fl.=76 MHz, fjp=9.5 MHz.

tor[2 amd optical mixing of injection-locked laser Using the described synchronization scheme,
(liode[31. it is possible to ineasure the output performance

Recently, we reported a new technique of of an oscillator with capability of varying the fre-

lliase locking a microwave oscillation with pi- quency through a voltage control. Since E-O san-

cosecond laser pulses by electio-optic (E-0) san- pling can be accomplished without requiring high

llilg[41. Fig.2 shows tlie schemiiatic of phase locked frequency electrical coatacts, this technique can

loop (PLL). potentially phase lock any monolithic oscillator

The laser used ini this experiment is a mod!e circuits to frequencies up to 100 GHz at tile wafer
locked Nd:YLF laser with relpetition rate of 76 level before the wafer is diced and device is pack-

MHz. The outptit of this laser is then coli'ressed aged.
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ExDeriment the number of the sampling points per cycle, M,
The phase locked microwave signal is sent to is 8. If we externally trigger the scope by the 9.5

the device under test ( in the first experiment, MHz reference signal from the divider in the phase
this was only a cable or the oscillator itself ) and locked loop, and optically delay the 0.53jim sam-
then applied to the photoconductive sampler (0+ pling beam, the displayed waveform on the scope
implanted GaAs photoconductive switch) (Fig.3). will horizontally shift. Thus, we can accurately

determine the wavelength of measured microwave
The desired output is fJF and its harmonic, signal.

which can be picked up by a low pass filter. The In the other experiment, in order to display
output of the low pass filter is amplified and sent the capability of replicating a distorted waveform,
to the regular oscilloscope. The resultant wave- an over driven amplifier was used as DUT. To
form for a sinusoidal microwave signal is shown on double the sampling points M, fiF was reduced
Fig.4." to 4.75 MHz in the phase locked loop and in the

For an optimal replication of the waveform, photoconductive sampling system. The output

the value of M = fL/fIF should as large as possi- waveform of 536 MHz from a saturated amplifier

ble, as long as fIF is above the laser intensity noise was measurd simultaneously by a regular sampling

band. For fiF = 9.5MHz and fL = 76MHz, scope (Fig.5(a)) and by the photoconductive sam-
pler (Fig.5(b)). Evidently, these two waveforms
are very alike.

TK7834

Mode locked
No YLF laser

liber pulse
compressor

I Io 1m 50HZ

K802 _Phase locked C m s

signal

qenerotcr f- N 1. t (NM_+ I r Phctcconductive i
N is on integer switch

TK 1, 1802 :ii
samphi, , scope

Figure 3. Schematic of optic sampling system. Figure 5(a). The output waveform froin an over

driven amplifier was displayed by a regular sam-

pling scope.

10 mv/div 50 ns/div

Figure 5(h). The output wavcform from an over
Figure 4. The displayed output waveform of a 2.4 driven amplifier was displayed by the optical sam-
GHz microwave signal. pling system.
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The intermixing p)erformlanice of thle ab)ove
0+ implJlantedl GaAs phiotoconiduct ive sampler was

ailso exalmied. By scaninhg the aIpllie(l till-

crowave frequency and monuterung the output fIF

signal, the frequency response of the sampler can
be ob~tainedl as shown iii Fig.G( a).(b ),(c).

Fig ~~MIM). 7' 1itfiritxit t-1 ofiit i~t( y (m~t

Illumhinated lby 20 mw laser p~ulses with 3ps
p)ulse width and 0.533um wavelength, the photo-
condluctive sampler exhibits the con-verlsion loss of

Fi,411c 7,1f I~lfI l( p,)- -79 (lb at low frequericy arid( -94db at frequency of

tIi tt ie itt b /t i itr , f it tt t; rm spit itf qtit it it 15 GHz. The nioise associated With this sampler

tutu 1 it t a t) it, 1 so i/ ( i t r s J t i o f i o t is so s m a l t h a t it is lielo w t hl e z i ils e v e o f th e
fit /it iti /ta t~tuif(L CI: ~testinig eqipflment aml( l hen(c cani not b~e mleasure(l

iii this experiment . This iIic sthat jphotoctui-
Iuictive swfilpler couldl offi'r lii~e senisit ivityv t han

E-0) sampler doies.

Conuclus ioni
lIII Coinclumsioni, ail otica i~il sampIliing SNst('iii.

Whlich Call potenitially 6 hiapplied ti uealsure the
tiilcrmwave waveforiit 1 tevi hit 100 C Hz. has been
dt'velopmetl. hI thi11s syst emmi1. bth clectro-optic sam11-

pl al (1 I i)It oC 011(11lit i Vt sampler)cm ha ve 1 eell
usedl, bothI samplers have ixhibit e(l eelntper-
foriiaince. This exper-iuiemt also proves, that lie

pliase-hmck/saimpliug uiriliiitieniiimt is simple. eco-

i)(milil ai11d feasihle.

A ck nowledgment
This ~iNi'rk wvas siippioreil byv the Mlarylaiid
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Abstract This work extends a swept-frequency EO sampling

All-optical swept-frequency measurement of the gain of system by replacing microwave, sinusoidal excitation

two types of microwave integrated circuits, a feedback typically supplied by a synthesizer and contact probestwo ype ofmicowav inegrtedcircits a eedack with an optically generated sinusoidal excitation deliv-

amplifier and a distributed amplifier, is demonstrated. A et an onchip phototecto

diode laser excites an on-chip photodetector and the

circuit response is measured with electro-optic sampling.
The only physical contact probes are DC bias probes for
the circuit and the on-chip MSM photodetector. The EO Sampling Station
optically measured gains compare favorably to indepen-
dent network analyzer measurements using contact Figure 1 shows a block diagram of the optical test system
probing. The integrated photodetector needed for signal used in this project. The laser produces <10 psec pulse
generation is process compatible with MMIC technology, width at a rate of 250 MHz, wavelength of 1047 nm, and
occupies a small space on the wafer, and requires no an output power greater than 100 mW [4,51. The pulses
additional processing steps. Since the yield of the pho- are jitter stabilized and phase locked to a microwave
todetector is very high compared to the MMICs, the all synthesized source by an electronic feedback loop, re-
optical test is potentially a practical and lowcost approach ducing the jitter between the laser and the synthesizer to
for RF monitoring of circuits. less than 1 psec. A bandwidth of 30 GHz can be achieved
Introduction with this system. This compact laser substitutes for a

combination of a conventional flashlamp-pumped mode-
Electro-optic (EO) sampling for high speed measure- locked laser and a pulse compressor used previously [ 11.
ments of electrical signals on integrated circuits has been This substitution simplifies tie system and reduces its
in experimental use for a number of years [ 1-31. It utilizes size considerably. The trade-off is the bandwidth, which
the electro-optic effect in compound semiconductors to is reduced from >100 GHz to 30 GHz.
sample fast electrical signals in circuits built on such The optical beam is focused into the GaAs substrate
materials. Some advantages of this technique overcontact where it senses the microwave line voltage through the
probing are: 1) The electro-optic sampler can probe in electro-optic effect. Since the testing was to be made on
areas of the circuit that are inaccessible to contacting MMICs with microstrip transmission lines, frontside
probes. This is an important advantage in testing com- probing was used, where the probe beam first passes
plex circuits. 2) Contacting probes wear out and need to through the substrate then is returned to the detector by
be replaced. The optical sampler is free from that reflection from the backside ground plane. One problem
operating cost. 3) Electro-optic sampling has been with frontside probing using pulses longer than the opti-
demonstrated with a frequency bandwidth exceeding cal transit time through the GaAs substrate is variations
100 GHz. This limit far exceeds that of high frequency in the reflected intensity due to italon effects. This effect
probes. makes signal calibration difficult.
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Figure 1. Block diagram of the electro-opic sampling system with optical excitation. The diode laser excitation beam is delivered near the
IR probe beam by using a dicrhoic beamsplitter, which is ommitted for clarity.

The excitation beam is delivered through a system our key considerations. Its weaknesses are its limited
consisting of an XYZ stage with turning mirrors to allow modulation rates anditslimited output power. Its strengths
forhorizontalpositioningofthebeamonthecircuit. The are its simplicity and its ability to be driven with a
collimated light passes through a focusing lens (50 mm microwave synthesizer, allowing for vector measure-
focal length) then is turned 90' by a dichroic beamsplitter ments. To allow for improved modulation rates and
The beamsplitter reflects the shorter wavelength excita- average power, we investigated a second approach using
tion beam but has high transmission of the 1047 nm two single frequency lasers mixed together to generate a
infrared probe beam, allowing the two beams to be microwave beat note in the optical detector. The source
independently positioned on the circuit. One disadvan- lasers are diode laser pumped, monolithic ring cavity
tage of this approach is that the beamsplitter introduces lasers [7]. They produce single wavelength light at 1.064
astigmatism in the IR probe beam focused through it. lam with a linewidth of less than 10 kHz. The laser is
This limits the IR spot size on the test device. For our frequency tuned slowly (over seconds), with a range
experiments, we had a spot size diameter of approxi- greater than 20 GHz by adjusting the temperature of the
mately 25 g±m, and consequently the astigmatism intro- laser crystal. To quickly adjust (over microseconds) the
duced by the beamsplitter was acceptably small, laser frequency over a more limited range, <100 MHz, a
Optical Sources of Microwave Signals piezoelectric element attached directly to the laser crys-

tal applies stress to slightly change the cavity length. By
Several possibilities exist for delivering microwave ex- overlapping two laser beams on a photodetector, a micro-
citation on an optical beam. For our measurements, we wave signal at the lasers' difference frequency (a beat
chose a commercially available laser diode that allowed note) is generated. By changing the crystal temperature,
for modulation up to 12 GHz [61. The diode laser is the beat note can be swept from DC to 20 GHz. Phase
driven directly by a microwave synthesizer, and delivers Icking has also been demonstrated using the piezo
an average output power of approximately 5 mW at a element to control the laser frequency in a phase lock
wavelength of 850 nm through a pigtailed multimode loop [81.
fiber. The output from the multimode fiber was colli- To stimulate the GaAs photodetector, the wave-
mated with a fiber optic positioner assembly and deliv- length must be less than 850 nm, and the output of the
ered to the EO station. The DC drive current for the diode pumped lasers can not be used directly. To gen-
device was 50 mA typically, and to produce the micro- erate a short enough wavelength, an external resonant
wave modulation the device was driven with approxi- cavity frequency doubling crystal is used [91. This is a
mately 13 dBm from a microwave synthesizer. way to efficiently generate light at 532 nm from the 1.06

Thedirectmodulationdiodelasersufficientlymeets lgm lasers. Then the two frequency-doubled single fre-
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quency lasers are combined on the GaAs photodetector to velocity of GaAs of 2.10' cm/s, the charge transfer time
generate the difference frequency. Note that the range of constant is predicted to be 10 psec, corresponding to a
the beat note is effectively doubled, so that a laser system frequency bandwidth of 16 GHz. This MSM should
capable of 20 GHz modulation at 1.06 i would be therefore operate in the transit time limited regime.
capable of up to 40 GHz modulation at 532 nm.

MSM Detectors

In the past few years very fast and efficient detectors that
are process compatible with MMICs have been reported
using the MSM structure, which consists of two Schottky
contacts with a depleted light gathering gap on undoped
GaAs. Electrical pulses faster than 5 psec have been
obtained [ 101, and sensitivities as high as 0.25 A/W have
been reported [I 11I.

The active material for the photodetector is undoped
GaAs normally used as a buffer layer in MMICs. The
peak spectral response for this material occurs at about
800 nm. An interdigitated layout was chosen (Fig. 2) in
order to simultaneously allow for a small gap and a large
light gathering area. The active area of the MSM detector
is a circular region 100 .tm in diameter. One disadvan-
tage of the interdigitated structure is that roughly one-
half the light is blocked by the metallization. A 2 ltm gap
was found to be sufficiently small for the required speed
without putting stringent requirements on the lithogra-
phy. Optical reflection from the air-GaAs interface also
causes a loss of signal in the detector. To reduce this
reflection, a process-compatible anti-reflection (AR)
coating was implemented, consisting of a single layer
quarter-wave coating of SiO 2. This reduces the level of
reflections from 31% to less than 6%.

In order to avoid multiple reflections on the input Figure 2. Matched MSM source module for integration with the
line and assure the stability of the circuit, the MSM MMIC. Active areaislOOp jin diameter. Connectionstothe circuit
detector is placed in a module matched to the 500 are madebyairbridges. The top pad isforDC bias. The dielectric
transmission line. The matching is done by a shunt 500 usedfor the isolation capacitor also serves as the AR coating. This
resistor which also consumes half of the output current. module is then integrated with the implifier and placed in a scribe

The bias voltage of the MSM is decoupled from the lane so that it can be removed during packaging.

output through an isolation capacitor. The capacitor
dielectric extends over the detector area and serves as the
AR coating. Varian's MMIC process normally uses
2000A of SiO 2. This thickness had to be reduced to
1400A for a quarter-wave AR coating. This was the only 0.84 0.126 nH
design rule modification that the addition of the source
module required.

Also, the output of the circuit under test is termi- - _ _ _n

nated in a 500 load. Both the photodiode module and the

load are connected to the circuit by airbridges which can
be scribed away upon completion of testing.

Limitations on the frequency response of photode-
tectors come from either internal charge transfer transittimeor romtheresonseof he xtenall~l Figure 3. Equivalent extrinsic circuit model for the MSM
time or from the response of the external electrical photodetector. The element values were optimized tofit measured
circuit. The extrinsic circuit was modeled (Fig. 3) and its S parameter data. The calculated 3 dB bandwidth of the extrinsic

bandwidth calculated to be 39GHz. Based on a saturated circuit is 39 Glizfor a 2 pm gap.
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Frequency, GHz amplifier compared with measurements made by contacting probes.

Figure 4. Typical measured frequency response of MSM detector
moadle at two bias voltages, 30V & 40V. Figures 5 and 6 show the measured voltage gain as

a function of frequency for these two circuits using the all
The minimum required photodetector responsivity optical system. This data was taken by measuring the

depends on the sensitivity of the sampling system. The relative signal level at the amplifier output versus its in-
EO sampling system has a typical sensitivity of 100 giV put. These measurements are made on wafer using the
per root Hz. If an averaging time of roughly one second monolithic integrated source module and a 50Q output
is used, a signal level of 1.0 mV, corresponding to a termination with the circuit under test. Both figures also
current of 20 p.A in a 50 ohm system, is required for a 20 show the response of the circuit measured with contact-
dB signal to noise ratio. The photodetector should be ing probes (dotted lines). Thecontact probe measurements
capable of generating this current when driven by the were made on similar amplifiers which were processed
diode laser. With a diode laser output of 5mW, with one- on the same wafer without the source and detector
half of the photodetector's output current consumed for modules.
matching, and assuming one-half the output power of the These results can be scaled to higher frequencies.
laser is delivered to the detector, the required responsivity First, the MSM detectors can be readily scaled for faster
of the photodetector is 16 mA/W at the measurement response. Simulations show a 16 gim diameter device
frequency. For these detectors, we measured a typical with 0.25 gtm finger spacing should have a 100 GHz
responsivities of 10-100 mA/W at microwave frequen- bandwidth. Secondly, optical modulation to 100 GHz
cies. Figure 4 shows as typical measured frequency can potentially be generated using two single-frequency
response. lasers to generate a microwave difference frequency

[12]. Finally, the system response can be improved by
Measurements on MMICs reducing the 10 psec pulse width of the diode-pumped

Twodifferent microstrip circuits were tested using the all laser to less than one picosecond using a fiber-grating
optical approach. One is a 2-20 GHzdistributed amplifier pulse compressor.
with 7-8 dB of gain [ 12]. The other is a 2-8 GHz feedback
amplifier with 15-20 dB of gain [13]. Acknowledgments
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ABSTRACT reducing the conductor spacing. An illustration of this
basic idea is given in Fig. 1 showing the frequency

We present a microstrip line that uses a highly conduct- dependence of the effective refractive index of a 5 gm
ing cobalt silicide layer buried 7 jm below the surface of wide microstrip line on a silicon substrate for different
single-crystalline silicon as groundplane. This novel values of h. For a spacing of 500 pmi the microstrip is
transmission line shows significantly reduced dispersion dispersive in the frequency range from 5 GHz up to 1
for electrical pulses of 100 GHz bandwidth compared to THz. Reducing h to 10 gm shifts the onset of dispersion
a conventional microstrip line with the groundplane on g 10 stabove 10GHz and beyond the current range of interest.
the back of the substrate. The 2.5 ps risetime (10%-90%) The actual implementation of a microstrip with small
of electrical pulses propagating on the line increases to conductor spacing is difficult. Thinning of the substrate
only 3.7 ps after a distance of 5 mm compared to an
increase from 2.7 ps to 11.3 ps on a conventional
microstrip line.

3.5 '

INTRODUCTION w=Sum
0

Microstrip transmission lines consisting of a narrow "

center conductor and an extended groundplane are the h=500 Pmf0
most commonly used device interconnections in (
millimeter-wave integrated circuits. Usually, the ground- o.0"10.0
plane of a microstrip line is located on the backside of X
the typically 500 gm thick semiconductor wafer that car-
ries the circuit elements. For frequencies of several GHz S
and above, this simple scheme can lead to a limitation of
the useful bandwidth of ultra-high-speed electronic cir- 2.5 I I
cuits because dispersion can significantly distort the 109  1010 1011 1012 1013
electrical pulses propagating on the microstrip intercon-
nects [1,21. Frequency (Hz)

The dispersion is a consequence of a change of the
effective refractive index of the microstrip when the Fig. I Frequency dependence of the effective index of
wavelength of the electrical pulse becomes comparable refraction of a microstrip line for a line width of
to the separation h of the center conductor and the 5 gm. As the spacing of the conductors is
groundplane. This implies, however, that the onset of reduced, the dispersion is shifted to higher fre-
dispersion can be shifted to higher frequencies by quencies.

161
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is not desirable because it renders the wafer more fragile the buried silicide from the center conductor of the
and reduces the heat-sinking capability. A better choice microstrip line. The center conductor consists of a 5 un
is to fabricate microstrip lines with both the center con- wide, 2700 X thick strip of aluminum ending in contact
ductor and the groundplane on top of the wafer. pads for the bonding of wires.
Recently, we proposed to use a highly conducting sili- Fig. 2 displays a cross-sectiona view of the micro-
cide layer, buried a few microns under the surface of thesilion afe, a grundlaneformicostip ii~[31 strip line with buied groundplane. Unlike a conven-
silicon wafer, as groundplane for microstrip lines [3]. tional microstrip line, the width of the center conductor
This approach offers several advantages: (i) Both the s' in this configuration is comparable to the separation of
licide layer as well as the silicon dielectric on top are the center conductor and the groundplane.
crystalline and can be used for the definition and integra-
tion of devices [4], (ii) the silicide layer has a room tem-
perature conductivity comparable to that of evaporated Al Signal Conductor
aluminum [101, and 'iii) contacting of the buried silicide
is easily accomplished through via-holes from the top Si02
that are opened by reactive ion etching with CF 4 or SF 6
without problems because the buried CoSi 2 acts as a Si-Epilayer
stop-etch layer. The microstrip line presented here also
compares favorably with coplanar lines [5] because of
the absence of radiation losses [61 and a reduced CoSi 2
crosstalk resulting from the stronger confinement of the
modes in microstrips.

Here, we test this novel transmission line concept Si Substrate
experimentally by measuring the propagation charac-
teristics of picosecond electrical pulses on microstrip
lines with buried groundplane and comparing them with
the characteristics of conventional microstrip lines.

SAMPLE FABRICATION

A highly conducting buried silicide layer is created by Fig. 2 Cross-section through the microstrip line with
mesotaxy [7-101 in (100)-oriented high purity (1000 buried groundplane
facm) silicon wafers as well as in lightly doped (4-10
Q~cm) and highly doped (0.01 i2cm) wafers. The silicon
is first implanted with cobalt ions (energy 1.5 MeV) at a
dose of 8.5 x 1017 cm- 2. Then the samples are annealed For comparison of the pulse propagation characteris-
at 600 °C for I h, at 1000 0C for 45 min and finally at tics, we also fabricate microstrip lines of conventional
1100 °C for 1.5 h which causes the cobalt atoms to design - i. e. with the groundplane on the backside of the
coalesce into a single-crystalline CoSi 2 layer, lattice- wafer - on 500 pim thick highly resistive (p = 500 ,cm)
matched and with sharp interfaces to the silicon. The silicon wafers. The dimensions of the center conductor
silicide layer is 3000 A thick and located 9000 A below are the same as those of the microstrip lines with buried
the silicon surface. Its room temperature resistivity is groundplane.
about 10 gt(cm (101. In the case of the highly doped
substrate all but 1800 X of the silicon on top of the sii-
cide layer is then etched away. On all three samples a 6 -
7 gtm thick epilayer of nominally undoped silicon (resis- MEASUREMENT TECHNIQUE
tivity roughly 10 icm) is grown on top of the wafer by Electrical pulses with a bandwidth in the 100 GHz range
chemical vapor deposition (CVD). This silicon regrowth are generated and detected photoconductively with side-
allows us to raise the impedance of the microstrip line to sampling gates [11] using 100 fs optical pulses from a

proximately 50 Q2. The epilayer is followed by a 3000 colliding-pulse-modelocked Rhodamine 6G dye laser.
thick CVD-grown SiO 2 -film that electrically isolates The gates consist of 5 lin wide gaps between the center
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line and 10 pm wide side contacts. A 4000 A thick film In Fig. 4, the detected waveform of a pulse launched on
of polycrystalline CdTe, deposited at 250 OC by UV- the buried groundplane microstrip line (sample with
enhanced MOCVD on top of the finished electrical cir- 4-10 i-cm substrate resistivity) is shown for propagation
cuit, is used as photoconductive material with subpi- distances of 100 pmn, 2 mm and 5 mm at room tempera-
cosecond photocurrent decay time [12,13]. ture. The data are plotted normalized in height, the peak

amplitude ratio of the unnormalized data is 1 : 0.31 :
0.062. For a propagation distance of 100 pm, the pulses

RESULTS AND DISCUSSION generated on this microstrip line are shorter (FWHM:
2.0 ps) and less asymmetric than those generated on the

Fig. 3 displays the detected waveform of an electrical conventional microstrip which we attribute to the
pulse propagating on a conventional microstrip line for smaller characteristic impedance Z0 = 52 Q. We cannot
distances of 100 i, 2 mm and 5 mm. The time delay detect any ringing in the trailing end of the pulses at any
zero of each curve is chosen to obtain .oincidence in propagation distance. However, the losses at room tem-
time of the pulse maxima. The data are plotted normal- perature are quite large and affect the high-frequency
ized in height; the ratio of the peak amplitudes of the ori- peak of the pulse more than the low-frequency trailing
ginal data is 1 : 0.32: 0.085. The full width at half max- pedestal which makes the pedestal appear to increase
imum (FWHM) of the pulse detected after a propagation with distance after normalizing the data. This pedestal
distance of 100 pm is 3.7 ps. The width and the strongly presumably originates from a residual hopping conduc-
asymmetr c shape of the pulse are determined by the tivity in the photoresponse of the CdTe-film. The 10%-
microstrip impedance Z0 (for our structure: Z0 = 314 Q) 90%-risetime of the pulse detected after a distance of
and the capacitance C. of the side-sampling gaps rather 100 , m is 2.5 ps and increases only slightly to 3.7 ps
than by the intrinsic speed of the photoconductor [111. after 5 mm propagation.
For distances longer than 500 gm, dispersion manifests
itself as an increase of the risetime and a ringing in the To determine whether the losses occur predominantly in
trailing part of the pulse, both resulting from the higher the conductors or in the silicon, we repeat our
speed of the how-frequency components of the pulse.
The 10%-90%-risetime of the pulse increases with the
propagation distance L from 2.7 ps for L = 100 pm, to
5.6 ps for L =2 mm, to 11.3 ps for L =5 mm. F ' ,

1.0 T=300K

S0...... 1 mm

T 300K -- 2.0mm
1....... 0.1 mm - 0m

-- 2.0 mm . 5

/ - 5.0 mm
•II* -- ; --E.0. E

\ 1 0.0

E ,.o -10 0 10 20< 0.0

jTime (ps)
-10 0 10 20

Time (ps) Fig. 4 Time dependence of the detected electrical
pulse propagating on a microstrip line with
buried silicide groundplane. Propagation dis-

Fig. 3 Time dependence of the detected electrical field tances are 0.1 mm, 0.2 mm and 5.0 mm. The
of a pulse on a microstrip line of conventional reflection of the pulse on the contact pad pro-
design (groundplane on substrate backside) for duces the dip in the curve for 5 mm distance 18
propagation distances from 0.1 mm to 5.0 mm. ps after time delay zero.
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measurements on the buried groundplane microstrip line to 0.35 relative to the height of the pulse after propagat-
at reduced sample temperatures. Fig. 5 displays the ing 100 un. This value is more than five times higher
waveforms detected after propagation distances of 100 than the corresponding relative amplitude of 0.062
pm and 5 mm for a temperature of 10 K. The risetime of obtained at room temperature, indicating strongly
the pulse detected after a propagation distance of 100 reduced propagation losses at low temperatures. The
pn is 2.5 ps and its full width at half maximum 1.6 ps. risetime of the pulse has not changed during propagation
To our knowledge, this represents the shortest electrical while its full width at half maximum has slightly
pulse generated on a microstrip line. No pedestal is increased to 2.1 ps. Meaningful for a bipolar pulse is
observed in the trailing part of the pulse supporting the also the width measured from the 10%-point in the lead-
interpretation of the room temperature data that this ing part of the pulse to the -10%-poiar at the end of the
pedestal results from the thermally activated hopping negative lobe; this 10%-(-10%)-width is 8.8 ps. The only
conductivity in the CdTe photoconductor. slight increase in risetime and full width at half max-

imum as well as the observation that the 10-(-10%)-
width is even smaller than the risetime of 11.3 ps of a

1.0 1 1 1 pulse after propagating 5 mm on a conventional micro-
T = 10 K strip, indicate the strongly reduced dispersion on a

A__ ...... 0.1 mm buried groundplane microstrip line. The reduction of
- 5.0 mm pulse broadening is even more significant taking into

,6 0.5 account that the pulses generated on the buried ground-
plane rmicrostrip line are shorter and have about twice

a) the bandwidth (200 GHz) of those generated on the con-
: 0.0 ventional microstrip and therefore should be more

strongly affected by dispersion.
E

-0.5 The reflection of the pulse on the contact pad allows us
I * * I * * to determine the attenuation of the electrical signal per

-10 0 10 20 unit propagation distance by comparing the relative
heights of the original and the reflected pulse. The ratio

Time (ps) of the peak heights has to be corrected for the reflection

Fig. 5 Pulse propagation on the silicide groundplane
microstrip at low temperature (' =10 K). Pro- 6 - . .,_,_,_,_ ,_,_,_,_,

inverted signal 18 ps after time delay zero in the E= 5
data for 5 mm distance is a reflection from the E
contact pad. CO 4

After propagating 5 mm, the pulse develops a negative "O
lobe at the tailing end that extends to about 10 ps after ,. 2 0

time delay zero. The inverted signal 18 ps after the main
pulse is a reflection from the contact pad of the micros- < 1
trip line that is I mm away from the sampling gate. We 0 . . , ,

can also observe this reflected pulse in the room tem-
perature data for a propagation distance of 5 mm in Fig. 0 100 200 300
4 and - not so obviously - in the corresponding data of Temperature (K)
Fig. 3. The bipolar shape of the pulses can be explained
qualitati-'ly by residual dispersion, although calcula-
tions with a standard model [21 do not yield quantitative Fig. 6 Temperature dependence of the power attenua-
agreement with the experiment. The peak amplitude of tion of a picosecond pulse propagating on the
the pulse has decreased after 5 mm propagation distance microstrip line with buried groundplane.
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coefficient, r,, of the boundary between the center con- Therefore we have demonstrated that the use of a buried
ductor and the contact pad. rq, is given by the silicide goundplane lowers dispersion significantly
impedance ratio (Zpd-Z0 )/(Z*+Zo) which in our case without incurring an additional loss penalty. The buried
is calculated to be -0.94. Fig. 6 displays the attenuation groundplane microstrip line can be readily integrated in
constant determined from the peak height ratio as a func- high-speed circuits if a silicon epilayer is either not
tion of the sample temperature. The attenuation constant needed or can be grown with high purity.
at 10 K is about 3.5 dB/mm smaller than at room tem-
perature. It increases rapidly with temperature around 60
K, but hardly changes from 100 K to room temperature.
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ABSTRACT carriers in an ideal superconductor condensed into the
superconducting state. The two fluids, normal and

Several classes of superconductive, passive superconductive pairs, flow in parallel in response to
microwave devices have been demonstrated at an applied electric field. The paired superconducting
temperatures as high as 77 K using thin films of the carriers are dissipationless because they cannot be
high-Tc superconductor YBa 2 Cu3 07-x. The devices scattered without breaking pairs, but have a finite mass
include long delay lines, tapped-delay-line transversal and therefore are modeled as an inductance. The
filters with multigigahertz bandwidths and time- normal carriers are subject to dissipation and therefore
bandwidth products as large as 30, and narrowband represent a resistance in parallel with the inductance of
(from one to three-percent bandwidth) microstrip the superconducting pairs. For dc applied currents the
filters. A GaAs sample-and-hold circuit was also superconductor is clearly loss less since the
operated at 77 K along with a YBa 2Cu3OT7- microstri superconducting pairs carry all of the current.
delay line to simulate a pre-trigger function and However, at ac frequencies a voltage develops across
demonstrate the compatibility of semiconductors and the inductance that is out of phase with the applied
high-temperature superconductors at moderate current. This voltage drives an in-phase current
cryogenic temperatures. The successful operation of through the fluid in the normal state, dissipating
these superconductive devices demonstrate that thin energy. The presence of the superconducting pairs and
films of high-temperature superconductors can be the small number of normal carriers produces a
patterned into useful devices and the devices illustrate conductor with very little loss at microwave
the potential performance advantages superconductive frequencies. In an ideal superconductor, the loss can
thin films offer to the designer of a high-frequency, always be reduced by lowering the temperature since
wide-bandwidth analog signal processing system. the number of normal carriers is thermally activated.

INTRODUCTION Recent advances in thin-film deposition techniques
for high-temperature, copper-oxide superconductors

The low conductor loss of superconducting materials have made possible the demonstration of surface
makes it possible to build passive microwave devices resistances well below that of cooled copper at 77 K.
that cannot be built with normal conductors. These Figure 1 diagrams the current state of the art in thin
devices are particularly suited to high-frequency, wide- films of the high -temperature superconductor
bandwidth analog signal processing applications [1]. YBa 2 Cu 3 07.x (YBCO) by plotting the surface
The very low, but still finite surface resistance of resistance as a function of frequency for thin films of
superconductors can be understood by considering a YBCO as well as several benchmark curves (copper at
simple two-fluid model for a bulk superconductor [21. 77 K, superconducting niobium at 4.2 K, and
The two-fluid model separates the conduction band superconducting Nb 3 Sn at 4.2 K). Because YBCO
carriers (electrons for low-Tc materials, holes for high- films typically are chemically sensitive and the YBCO
T. materials) into two fluids. One fluid contains the can degrade during patterning, especially at the edges
paired carriers that have condensed into the of a transmission line where the currents peak,
superconducting state and a second fluid contains the measured surface resistance is shown for be-,,
rest of :he carriers remaining in the normal state. It patterned and unpattemed films. The cross-hatche,
requires a finite amount of energy to break a region represents the surface resistance obtained on
superconducting pair up into two normal particles, patterned films used in this work. The "LL, 77 K"
This pair binding energy acts as a superconducting curve represents the latest results on a patterned
energy gap for the formation of unpaired, normal stripline resonator [3]. To illustrate the potential
carriers. Thus, the number of normal carriers is performance of YBCO, theoretical curves obtained
temperature dependent and only at T = 0 are all of the using the standard two-fluid model for the surface
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o, - -with good uniformity over 50-mm-diameter areas
C Y,, 2C......77K [6,7]. Uniformity is crucial in obtaining low values of

,o' O .... , .... , 0 surface resistance and correspondingly good
," .- microwave performance. The postannealing process

a o 3 can also be used to produce films on both sides of a
substrate by annealing both sides simultaneously,
while the current in-situ-sputtering process is limited to

Lsingle-sided film production because silver paste is
T ,o, Y,C .... , used to mount the back side of the substrate to the

Nb, 41K oo ... " substrate heater block. However, the postannealing
" .O 'iRC . -- process is apparently incapable of growing fully c-axis-

2K . oriented films of YBCO at film thicknesses of greater
o -EMENS-PPE.TAL. I'K than 300 nm, and multilayer film deposition is also
0 o CONoUC ..... o precluded. Thus, optimized in-situ-growth processes

o too should ultimately provide thr, bcs YBOtinfls
FREOUENCY (GHZ)

Figure 1. Measured surface resistance versus ,
frequency for cooled copper and for superconducting
niobium, Nb 3 Sn, and YBCO. Values for both Slop .......
patterned and unpatterned YBCO films are shown. T , WK * ....
Theory curves for YBCO were generated using the two- .. WAD E

fluid model. The latest results on a patterned YBCO
stripline resonator (1.3 x 1.3 cm LaAfO3 substrate) are
also shown for comparison [31. ,0, Cal .... "

resistance of YBCO [21 are also plotted. The .': -.
parameters used were = 150 nm, Tc = 93 K, and / .

= 2 x 106 [)-i in-1 . It should be noted that the _ - / . .
Siemens/Wuppertal data point at 77 K is within a factor /. p: :/ ;
of two of the prediction of the two-fluid model if the . .. .
actual T, of that film is used in the model. ,> " ./'

Figure 2 shows the propagation losses for a
collection of transmission media at microwave C."
frequencies [2]. The copper and YBCO stripline
geometry is a 175-gm-wide signal line with 1000 gm ,, ..
of ground plane spacing using a substrate with Er = 10. AT SEA "
For a given surface impedance and transmission line 1 "
impedance, the propagation losses caused by the ..
conductor increase as dielectric thickness is decreased.
Dielectric loss is neglected in Figure 2. For so'
comparison, losses are calculated using typical values '0' 10
of surface resistance measured for patterned YBCO FREOUENCY (GHz)

devices (shaded region). Theoretical values of loss for
YBCO are based on the two-fluid model. Figure 2. Propagation loss per meter as a function of

frequency for various transmission media. Theoretical
The low conductor loss of a superconductor can be values for YBCO stripline are based on the two-fluid

used quite readily in two general classes of passive model.
microwave devices. Long delay lines take advantage
of the low propagation loss and dis ersionless nature Typical YBCO film thicknesses used in this work are
of a thin film superconductor, and resonator-based 200-300 nm. Patterning of the YBCO signal line was
filters take advantage of the large conductor quality accomplished with standard AZ1470 photoresist and a
factor (Q) that can be obtained using thin-film spray etch of 0.25-percent H2P0 4, which successfully
superconductors. prevented the formation of a residual film typically

found with other wet-etching methods. Undercutting
THIN FILMS AND DEVICE FABRICATION of 1-2 gm is typical for this etch and these YBCO film

thicknesses. Figure 3 illustrates the excellent pattern
Two types of growth techniques were used to deposit definition obtained with this etch technique. The twin
thin films of YBCO. The first technique is an ex-situ- boundaries visible in the LaAIO 3 substrate result from
growth process in which amorphous YBCO is the structural phase transition that occurs in this
deposited on a substrate by co-evaporation of BaF2, Y, material. The twin boundaries clearly create a local
and Cu followed by a post-deposition annealing, variation in the index of refraction at optical
typically at 850 "C in flowing 02 containing water wavelengths and they also produce a rough surface
vapor to remove the fluorine [4]. The second since the twin boundaries polish preferentially. A
technique is an in-situ-growth process using off-axis trilayer resist (PMMA/Ti/AZ1470) and liftoff process
single-target sputtering [5], with substrate temperatures were used to pattern 1.5-jim-thick silver contacts on
typically between 600-700 *C. The postannealed the signal line. The trilayer resist was used so that the
prcess [61 and the in-situ sputtering process [71 have chemically sensitive YBCO was not exposed to AZ

napplied successfully to produce large-area films photoresist developer. Low-resistance ohmic contacts
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were produced by annealing the structure at 400 "C in comparable signal and noise powers, the correlation
flowing 02. Final packaging is performed using peak rises well above the level of the noise at the filter
ultrasonic wedge bonding of aluminum ribbon directly output. This improvement in signal/noise ratio is
to the annealed silver ohmic contacts on the signal line referred to as processing gain and is given by the time-
to form highly reliable contacts. A 4-jin-thick, e-beam- bandwidth (TB) product in an ideal filter. The TB
evaporated silver film was used to form the device product represents the number of information cycles of
ground planes. the waveform gathered coherently in the filter. The TB

is typically in the range of 100 to 1000 (20-30 dB).
To realize the full processing gain, the dynamic range
of the filter must significantly exceed the TB product.

T
_ _ _ _ _ _ __ -- FILTE

lOO..

I n~l'l100 Wn

Figure 3. Photograph taken with an optical INPUT POWER OUTPUT POWER

microscope (in transmitted light) of patterned BCO SIGNALNOR IONR P

lines on LaAIO 3 substrate. Pattern definition of the FRONT-END MAXIMUM INPUT

YBCO is excellent. Twin boundaries in the LaAlO3  NOS --- ----------- OTU SIGNAL

are clearly visible. INMTLEVEL

TAPPED-DELAY-LINE CHIRP FILTERS PROCESSIG

Most analog signalprocessing structures are variations DYNAMIC FRONTNNOISE
of the transversal filter. A tapped delay line can be RANGE AFTER PROCESSING
used to implement matched filtering, correlation, and / PROCESSOR NOISE IN
Fourier transformation. Compact transversal filters inI ABSENCE OF

FRONT-END NOISE
the form of tapped delay lines have previously been OR SIGNAL
fabricated from superconducting niobium to operate
with multigigahertz signal processing bandwidths Figure 5. Signal/noise ratio enhancement illustrating
[8,9J. One example of a fixed-tap-weight transversal the signal processing gain of a matched filter.
filter is a linearly frequency modulated delay line or
chirp filter. Figure 4 shows the architecture of a chirp Near-term projections for the signal processing gain
filter made using superconducting striplines with a available from various technologies are shown in
cascaded series of backward-wave couplers, in this Figure 6 [2]. A model [101 for the digital
case forming a down-chirp. Each coupler has a peak implementation of continuous signal filtering was used
response at the frequency for which it is 1/4 to determine the analog signal processing possible with
wavelength long. By making the length of the a Cray-2 computer with 2 Giga-operations-per-second
couplersinversely proportional to the distance down (GOPS) and a dedicated parallel processor operating at
the line, the filter has a local resonant frequency which 10 GOPS. Recent advances in charge coupled devices
is a linear function of delay. Design of the stripline (CCD), acoustic charge transport (ACT) devices,
chirp filters is based on coupling of modes theory [8]. surface acoustic wave (SAW) devices, and acousto-

optic (AO) devices are included for comparison.
Figure 5 diagrams the enhancement of the Projections for superconducting Nb tapped delay lines

signal/noise ratio through the use of a matched filter. are made by imposing the physical constraints tat the
The impulse response of the filter is equal to the time- lines be 50-Cl lines on 50-mm-diameter substrates with
reverse of the signal to be processed. The noise a dielectric constant of 10. A maximum of five
entering the filter will suffer the insertion loss of the substrates can be stacked to form one continuous delay
filter, but the matched signal will have its energy line. Ground plane spacing is allowed to vary from
compressed coherently into a quasi-impulse 10 jtm to several hundred microns. Line-to-line
(compressed pulse). The filter effectively forms the isolation is typically 55 dB and this determines the
autocorrelation of the signal. The width of the center maximum amount of delay that can be obtained on
lobe of the autocorrelation is inversely proortional to five, 50-mm-diameter substrates. The maximum
the bandwidth (B) of the waveform. In the case of operating frequency, assuming 3 dB of loss can be

tolerated, is then calculated using known values of
A BACKWARD WAVE surface resistance, neglecting dielectric loss, and using

" , COU ER ._ a 67-percent fractional bandwidth. Eventually a limit
A of one-fourth of the dielectric wavelength must be

laced on the ground plane spacing, limiting the
andwidth at the highest frequencies. Projections for.... °YBCO devices were made using surface resistances

calculated from the theoretical two-fluid model, as
Figure 4. Chirp filter architecture and instantaneous plotted in Figure 1. The signal processing capability of
frequency of the impulse response of a down-chirp a Cray-2 computer (GOPS) falls more than an order of
filter. A typical superconducting niobium-on-silicon magnitude short of the signal processing capability of
chirp filter can contain hundreds of backward-wave the most recent YBCO chirp device (shown as the
couplers. triangular data point in Figure 6).
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Figure 6. Near-term projections of signal processing
capabilities for various technologies [see Ref. 21.
Represented are digital signal processing (DSP),
charge-coupled device (CCD), acoustic charge
transport (ACT), surface acoustic wave (SAW),
acousto-optic (AO), and superconducting delay lines
using Nb and YBCO. Projections for YBCO are based
on the theoretical values of surface resistance shown in
Fig. 1. The triangular data point represents the time-
bandwidth product of 30 for the most recently
demonstrated YBCO tapped-delay-line chirp filter
operated at 77 K (see Fig. 7). The closed circles Figure 7. Flat-weighted YBCO chirp filter fabricated
represent previous demonstrations of superconducting on 50-mm-diameter LaAIO 3 with 11.5 ns of dispersive
chirp filters using niobium-on-silicon substrates (see delay and 14 ns of total delay. Klopfenstein-taper
Ref. 9) impedance transformers make the transition between

the narrow 50-Cl input lines and the wider 40-0
Figure 7 shows the most recent YBCO chirp filter tapped delay lines.

ready for final packaging. This device was fabricated
using an in-situ sputtered YBCO film grown at
Conductus on a 50-mm-diameter LaAIO 3 . The film
had a uniform transition temperature of approximately
90 K. This device has 11.5 ns of dispersive delay
with 48 backward-wave couplers and 14 ns of total
delay. The device has a bandwidth of 2.7 GHz and a
time-bandwidth product of 30. The chirp-filter design
incorporates a taered-line impedance transformer so z
that the tapped portion of the filter could be -10D
implemented with 40-0, 120-1am-wide lines on a _) YBa2Cu3O- 77 K)

50-mm-diameter, 500-j.Lm-thick LaA1O 3 substrate. The D
use or '20-.tm-wide line was crucial to the success of z 5
this design based on previous work with YBCO delay 4 . 5 dB INSERTION LOSS
lines [1 I]. The fabrication of narrow YBCO signal ., 11 ns DISPERSION
lines is very difficult due to film nonuniformities and -20 . 2 7 GHz BANDWIDTH
defects introduced during photolithography and I " 4 2 GHz CENTER FREOUENCY
patterning. 25

2 3 4 56
Figure 8 shows the frequency -domain response of F 3G45)

the c irp filter shown in Figure 7. The agreement with FREQUENCY (GHz)

design is quite good. Recall that the output of this
filter is producedby backward-wave coupling a signal Figure 8. Designed and measured performance at
to a second line. The 5 dB of insertion loss actually 77 K of the YBCO chirp filter shown in Fig. 7.
represents fairly strong coupling between the lines.
Propagation loss is immeasurable. Figure 9 is a plot of
the group delay (derivative of the phase versus
frequency) of the down-chirp response for this chirp
filter. No attempt was made to smooth this data. Time-
domain-reflectometery data also indicates excellent
performance from this filter 1121. The filter produced a
chirp waveform at temperatures as high as 89 K.
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also that there is some insertion loss (-1.5 dB)
measurable in the 7 ns delay line. The insertion loss of
the 7 ns delay line resulted from the patterned YBCO

T = 77K line crossing several narrow scratches that existed on a
small area of the substrate before thin film growth.

C

>. 15
4c The YBCO that grew over the scratches apparently hadwj 10LU !either a degraded transition temperature or a very
&. 5 -broadened resistive transition. In an attempt to repair
Mthe damaged region, a silver patch was applied to this0 S0 -small area in the same manner as ohmic contacts were
o placed at the inputs to the lines. This ohmic patch

completely eliminated the 1.5 dB insertion loss.
Subsequent time-domain-reflectometry (TDR)
measurements indicated that the patch completely
repaired the line since no abrupt change in the TDR

2 3 4 5 6 signal was observed at the position of the scratches
FREQUENCY (GHz) after the patch had been put in place and annealed.

Figure 9. Group delay in the down-chirp mode as a
function of frequency at 77 K for the YBCT) chirp filter
shown in Fig. 7.

DELAY/SAMPLER CIRCUIT USING GaAs
AND YBCO AT 77 K

The possibility of combining high-temperature
superconductors and semiconductor components at
cryogenic temperatures is very exciting from a high-
performance systems standpoint. A very simple
demonstration of combined semiconductor and
superconductor performance at 77 K was made using
postannealed YBCO microstrip delay lines and a track-
and-hold circuit fabricated with GaAs permeable base
transistors (PBT). The combined operation simulated
an oscilloscope pretrigger function. The YBCO
microstrip delay line device is shown in Figure 10.
The device contains two 50-Q microstrip delay lines,
1.5 and 7 ns in length, with 160-im-wide linewidths.
This device was designed as a YBCO delay line test
vehicle 1131. Successful operation of this device
preceded the design and fabrication of the YBCO chirp
filters and made clear the importance of wide
linewidths in fabricating long YBCO delay lines. Figure 10. Microstrip delay lines (1.5 ns and 7 ns)

fabricated from postannealed YBCO on 50-mm-
A simplified circuit schematic of the track-and-hold diameter LaAIO 3 .

circuit is shown in Figure 11. The simplified circuit
schematic does not show the input PBT source-
follower that functioned as an input buffer. The delay
line device and the track-and-hold device were
packaged separately but were operated side-by-side
immersed in liquid nitrogen. Figure 12 is a
photograph of the GaAs hybrid track-and-hold circuit.
Measurements indicated a tracking bandwidth of 2.6
GHz. A dynamic range of 45 dB was obtained from
spectrum analyzer and noise-floor measurements.
SPICE simulations predicted a tracking bandwidth of 3
GHz with a 2-pF hold capacitor.

Figure 13 shows a step-function signal, time
reversed by the measurement apparatus, sampled by
the track-and-hold with (left edge) and without (right
edge) the insertion of the two YBCO delay lines at
77 K. Note that the step edge is faithfully reproduced Figure 11. Simplified schematic of the combination of
consistent with the 2.6 GHz tracking bandwidth. Note a YBCO delay line and GaAs track-and-hold circuit.
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RESITR ' D

Figure 12. Photograph of hybrid track-and-hold Figure 14. Four-lle microstrip filter fabricated from

circuit implemented with GaAs permeable bas- postannealed YBCO on LaAIO3 substrate shown prior

transistors. to final hermetic sealing in a microwave package. The
filter operates at 4.8 GHz with a 1.3% bandwidth.

- Ag~(77K)
-10

: " YBa 2 Cu 3 07O1 (77K)

Figure 13. Pulse response of the track-and-hold circuit z -30 Au (300K)shown in Figs. 11 and 12 operated at 77 K with and
without a YBCO microstrip delay line (shown in Fig.
10). -40 100 MHz

RESONATOR-BASED BANDPASS FILTERS -50 to -48GHz

The Q of normal-metal microstrip lines is too low to
support the low insertion loss and sharp filter skirts f0 -02 t0 10+02
needed for channelizing microwave communication FREQUENCY (GHz)
bands on communication satellites, where nearly
lossless filters with bandwidths less than 3 percent are
required. Superconducting microstrip filters could Figure 15. Measured response of the filter shown in
eventually replace the dielectrically loaded cavity filters Fig. 14 fabricated from gold (measured at 300 K),
currently in use with a significant reduction in weight silver (measured at 77 K), and postannealed YBCO
of a multiplexing filter bank requiring dozens of filters. (measured at 77 K).
In addition, the potential exists to produce
superconducting filters with much sharper filter skirts insertion loss for the gold filter at 300 K. Filters
so that communication bands can be utilized more fabricated from YBCO using the previous 4.2 GHz,
efficiently. Figure 14 shows a four-pole YBCO filter 3% bandwidth design had exhibited, at 77 K, a
that operates at 4.8 Gliz with a 1.3% bandwidth. This passband insertion loss as low as 0.3 dB compared to
filter was redesigned from an onginal four-pole, 3%- the 2.8-dB loss of similar gold metallic filters at the
bandwidth filter 1141 to reduce the sensitivity of the same temperature 1151.
filter to variations in linewidth and substrate dielectric
constant. Due to inaccuracies in microwave CAD FUTURE RESEARCH

ackages for large dielectric constants (Er - 24 for
aA 3), design of the bandpass filters was The design and fabrication of YBCO devices is

accomplished in a semi-empirical fashion 1141. A first challenging because of the wide linewidths required by
iteration was designed using an existing CAD package. current patterning techniques, the chemical sensitivity
Two line couplings were then measured on this design of YBCO, the difficulty in depositing uniform YBCO
and used to adjust the CAD design to more closely over large areas (up to 50-mm-diameter), the high
match the actual filter parameters. Figure 15 shows the dielectric constant of LaAIO3 substrate material, and
measured filter response for this design using several the thickness of the available LaAIO 3 substrates (which
different conductors at temperatures of 300 and 77 K. necessitates large line-to-line spacings). Resonator-
The filter was fabricated on 20-rail-thick LaAIO 3 using based filters are very sensitive to linewidth variations,
gold. silver, and postannealed YBCO 141. The YBCO their design for high dielectric constant or anisotropic
filter had 1.0 dB of insertion loss at 77 K compared substrate materials is difficult because of the current
with 5.9 dB for the silver filter 7t 77 K and 10.6 d1B of deficiencies of CAD routines, and shifts in resonator
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frequencies due to variations in the substrate dielectric 4. P. M. Mankiewich, J. H. Scofield,
constant or large kinetic inductance effects cannot be W. J. Skocpol, R. E. Howard, A. H. Dayem,
tolerated. In general, YBCO deposition techniques and E. Good, "Reproducible Technique for
will continue to improve and new dielectric materials Fabrication of Thin Films of High Transition
or combinations of dielectrics will be examined. Temperature Superconductors," Appl. Phys.
Finally, the availability of thinner, large-area substrates Lett. 51, 1753-1755 (1987).
and multilayer dielectrics will eventually allow much 5. R. L. Sandstrom, W. J. Gallagher,
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Femtosecond Monolithic Colliding-Pulse
Mode-Locked Quantum-Well Lasers
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Abstract absorber in the center of the cavity, two modulators
near the facets for synchronization with external

Monolithic colliding pulse mode-locked (CPM) electrical clocks, and two active waveguides (gain
multiple quantum well lasers generating optical pulses sections) linking the modulators and the saturable
as short as 600 femtoseconds are reported. The CPM absorbers, as shown in Fig. 1. Though ring cavity is
laser is built on a single chip of InGaAs/InGaAsP preferred in the first CPM dye laser [10], the linear-
multiple quantum well lasers. The pulse repetition rates cavity configuration is used in our experiments for two
are synchronized with an rf synthesizer up to 40 GHz in reasons: (1) the linear-cavity laser with cleaved facets
hybrid mode-locking. In passive mode-locking, a is compatible with standard semiconductor laser
record high repetition rate of 350 GHz has been technology; and (2) the problem of critical positioning
achieved. All the sub-picosecond pulses obtained have of the absorber dye jets in linear-cavity CPM dye lasers
pulse shapes of sech 2 and transform-limited time- [101 is solved by microfabrication technology used in
bandwidth products between 0.30 to 0.34. the monolithic CPM lasers. The saturable absorber is

placed exactly in the center of the cavity by
Monolithic mode-locked semiconductor lasers [1-7] photolithography and cleaving processes.

are compact and stable sources of ultrashort optical The monolithic CPM laser can be synchronized
pulses. Their applications include multi-hundred with external electrical clocks (hybrid mode-locking)
Gbit/sec time-division multiplexed optical by sending an rf signal to the two modulators. The rf
communication systems, ultra-high speed electro-optic sinlsdstbue thog itgredmcsrp
sampling systems, optical soliton sources for ultra-long signal is distributed through integrated microstrip
distance transmission in optical fibers, and generation between the two counter-propagating pulses. The
of millimeter and sub-millimeter waves. The fully leten nter saturable is designed to be smaller than
integrated optical cavities not only eliminate the the spatial duration of the optical pulses and ranges
tedious optical alignment processes in mode-locked from g to 50g, depending on the cavity lengths.
semiconductor lasers using external cavities and bulk
optics [8], they also suppress the undesired multiple Figure 2 shows the schematic layer structure of the
pulse output generated by residue intra-cavity step-graded index separate confinement heterostructure
reflections [9]. Picosecond pulses have been generated (GRINSCH) multiple quantum well lasers used here.
in semiconductor lasers with integrated passive cavities The active region consists of five InGaAs quantum
12), tandem-contact semiconductor lasers 13,51, and wells and six lnGaAsP (bandgap wavelength Xg= 1.25
hybrid mode-locked semiconductor lasers with active gm) barriers. The GRIN regions are synthesized by
waveguides [41. The monolithic colliding pulse mode- four quaternary layers with monotonicly varying Xg.
locked (CPM) multiple quantum well lasers [6,7] are Iron-doped semi-insulating InP is then regrown around
the first monolithic mode-locked semiconductor lasers the active stripe to form a buried heterostructure. 'he
that generate optical pulses in the femtosecond regime. lasing wavelength is 1.55gtm. The dc characteristics of

The monolithic CPM laser consists of a saturable the quantum well lasers has been reported elsewhere
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Figure 2. The schematic layer structure of the DELAY Ipse)

InGaAs/InGaAsP MQW laser. Figure 3. The measured and modeled SHG
autocorrelation traces of the pulses generated by a
2.1mm-long hybrid mode-locked monolithic CPM

[11]. The same quantum-well material can be used as laser.
either the gain medium or the saturable absorber,
dpending on the bias conditions. Forward-biased
quantum wells provide saturable gain, while reverse- the optical spectral bandwidth shows a time-bandwidth
biased quantum wells function as saturable absorbers. product of 0.32, which is very close to the transform-
Because of the step-like density-of-states in quantum limit value of 0.31. The effect of saturable absorber is
wells, the saturable absorber cross section is larger than illustrated in Fig. 4. With increasing reverse bias on the
the gain cross section. The condition for mode-locking saturable absorber, the dc level gradually decreases and
[121 can thus be satisfied in separately biased the pulse width becomes shorter. As the reverse bias
semiconductor lasers with continuous active quantum reaches -0.4 V, the dc level reduced to almost zero and
wells. The various sections of the CPM laser are the pulse shape becomes that of a sech 2 .
defined by separate top electrodes. The repetition rate of 38.5 GHz corresponds to

Background-free second-harmonic generation twice of the round-trip frequency of the 2.1-mm-long
(SHG) autocorrelator is used to measure the widths of cavity. Because of the CPM configuration, there are
the mode-locked pulses, and an optical spectrum two pulses traveling in the cavity. In hybrid mode-
analyzer is employed to simultaneously monitor the locking, the two modulators force the pulses to collide
time-averaged optical spectrum. Figure 3 shows the in the central saturable absorber. However, the "forced
SHIG autocorrelation trace of the output pulses from a collision" is not necessary for this monolithic laser to
hybrid mode-locked CPM laser. The SHG trace agrees operate in the CPM regime. In fact, the laser prefers to
very well with that of a sech 2 pulse shape, and the operate in CPM regime even in the absence of the rf
corresponding full-width-at-half-maximum (FWHM) signal, as will be shown later in the passive CPM case.
pulse width is 0.95 ps. Simultaneous measurement of Here the rf signal simply serves to synchronize the
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the same CPM laser without applying rf signal.
Transform-limited pulses with sech 2 pulse shape is

-0.15V obtained with slightly longer pulse width (1.15 ps).
Since no if source is needed in passive mode-locking,
the repetition rate is not limited by the if synthesizer.
Passive mode-locking of the CPM lasers with repetition

-0.131V rates of 40 GHz, 80 GHz, 160 GHz, and 350 GHz have

I I I J been demonstrated [7]. The record high repetition rate
-20 -10 0 10 20 of 350 GHz is obtained with a 250gm-long CPM laser.

DELAY (ps)

Figure 4. The SHG autocorrelation traces for various 40

saturable absorber bias. -(a) 40GHz
30 -

pulse repetition rate with the external clocks.
Therefore, very little rf power (15dBm) is needed to Z
achieve hybrid mode-locking. W

~10
The repetition rate of the hybrid CPM pulses can be Z

detuned by varying the frequency of the rf signals. 0i
Figure 5 shows the FWHM width of the SHG ( -10 -5 0 5 10
autocorrelation traces versus the rf driving frequency. DELAY (ps)
The repetition rate can be detuned by about 5% of the
center frequency without significantly increasing the
pulse width. The wide frequency tuning range results 'a
from the use of active waveguides, where the refractive >_ -43 40 GHz
index adapts itself so that the cavity round-trip - ( b)
frequency matches the external if frequency. This n 53- 2.37
feature is very important for most applications which Z
require the optical pulses be synchronized with some I- -63
standard electrical clocks (e.g., data rate) or another Z

CPM laser (e.g., in optical time division multiplexing). i -73>
In passive CPM operation, the modulators are -- 83 _

shorted with the active waveguides, The two counter- _j 1510 1520
propagating pulses time themselves to collide in the W

center saturable absorber because minimum energy is WAVELENGTH(nm)

lost to the absorber. Figure 6(a) and (b) shows the Figure 6. The autocorrelation trace and the optical
SHG autocorrelation trace and the optical spectrum of spectrum of the passive CPM laser.
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0 60 -\ current from 20 mA to 40 mA. Shorter pulses are
nm generated when the gain sections are more forward-

biased and the saturable absorber are more reverse-
40 biased. The CPM laser with shorter saturable absorber

Z / ,(15gm) needs more reverse bias for the absorber and
20 produces shorter pulses. The shortest pulse width of

Z 610 fs is generated with saturable absorber bias of -2 V
and gain current of 40 mA in the CPM laser with

Ii ' I15im-long absorber.
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In summary, we have successfully generated
transform-limited sub-picosecond optical pulses using

Figure 7. The autocorrelation trace and the optical novel monolithic colliding pulse mode-locked quantum
spectrum of the optical pulses from the passive CPM well lasers. The pulse width of 600 fs is the shortest
laser with a repetition rate of 350 GHz. ever report for monolithic semiconductor lasers. The

optical pulses are synchronized with external rf signals
up to 40 GHz using hybrid mode-locking. A record

The SHG autocorrelation trace and the optical spectrum high repetition of 350 GHz is also achieved in passive
are shown in Fig. 7(a) and (b), respectively. Even at mode-locking. All the pulses generated have pulse

such high repetition rate ( period= 2.87 ps ), the pulse shapes of sech 2, time-bandwidth products of 0.30 -

shape still agrees very well with that of sech 2 . The sh a nd e ar 1 im e nsit h m odu t o f 0.30h .

transform-limited pulse width of 640 femtosecond 0.34, and near 100% intensity modulation depth.
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Abstract Package

A packaged, mode-locked semiconductor laser is The packaged laser is shown in Fig. 1. The fixed
described, which emits 4 ps wide transform limited parameters (e.g. laser chip design, cavity dimensions)
pulses at 10 GHz, and is optimised using only bias were chosen, after extensive experimentation and
current ( 1 mA) and cavity detuning (± 50 MHz). modelling using a well known accurate model 17], to

be close to the optimum. The laser consisted of a 250
mm long trenched buried hetereostructure laser [81 with

Introduction a broadband anti-reflection coating [9] (reflectivity =
5x 10 4 ) on one facet which faced an external cavity.

Work on transatlantic communications systems has The external cavity consisted of a 2 mm diam. anti-
already shown [1] that the maximum bit-rate/distance reflection coated sphere lens (fixed in place using u.v.
product for any system length is always obtained by curing epoxy) which collimated the laser output, and a
transmitting well spaced transform limited pulses gold coated 1200 line/mm grating blazed for 1.5mm.
(solitons), e.g. 20 ps pulses for 10 Gbit/s transmission The total cavity length was 3 cm (corresponding to a
over 5000 km [2]. In a 40 Gbit/s network similar round trip frequency of 5 GHz) and the feedback
techniques would allow transmission over 1-2000 km eficiency was estimated (from the cw threshold of the
using 3-5 ps pulses [3]. The principal barrier to laser) to be 30%. The grating mount was similar to
development of such systems has always been the lack that used in the external cavity laser which was
of a suitable pulse transmitter, which must produce sucessfully demonstrated in recent field trials [10]. The
high power, transform limited ps pulses at GHz rates, output from the laser (at the uncoated chip facet) was
and must also be portable and stable for long periods coupled into a single mode fibre (with a loss of 3 dB)
(years). Recently it has been shown that suitable using an anti-reflection coated tapered lensed fibre. The
pulses can be generated by optically amplified entire laser was mounted on a Peltier cooler which
semiconductor laser sources [4-6], similar to those used enabled temperature control to within ± 0. 1'C. This
in current lightwave transmission systems. Two assembly was then placed in a sealable box to
techniques have been used; gain switching and filtering eliminate thermo-acoustic variations of the cavity.
[4],which is simple to implement but produces
substantial pulse to pulse jitter, and mode-locking
[5,61, which produces better pulses but is subject to
stability problems. In this paper we show for the first
time that the mechanical problems associated with
external cavity mode-locked lasers can be overcome,
without compromising on output pulse quality, by
building a packaged cavity, and that the important
operating parameters are amenable to external control
for long term stability.

Fig. 1 Packaged Mode-locked laser
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The cavity was found to be stable for several days very small, but if the cavity is retuned a remarkably
without placing the laser on a vibration isolation large range of stable operating points is obtained with a
system. The R.F. modulation was supplied via a bias broad pulsewidth mi,.'mum around 90% of the cw
tee (0.05 -26 GHz) and a 50 0 strip line, which was threshold of the laser and pulsewidths increasing with
epoxied directly onto the laser chip to avoid introducing bias above threshold. Interestingly the range of
stray inductance in any bond wires. 0.5 W R.F. were pulsewidths available from a single cavity
supplied to the laser from an ultra low phase noise configuration can be varied by almost an order of
oscillator. Successful mode-locking was acheived at magnitude thus the laser output can be compatible with
5,10 and 20 GHz using this arrangement. a large range of bit rates from 10-100 Gbit/s. The

pulses are narrowest near threshold because the gain
Performance bandwidth is greater (more bias = more gain = stronger

residual F-P chip modes = less bandwidth). The pulse
The best output pulses were obtained when the grating obtained at the cw lasing threshold current is shown in
was adjusted so that the laser emitted at 1.56 mm, 10 Fig. 3a, together with the pulse predicted by the model.
nm shorter than the peak gain wavelength, to take The pulsewidth (measured on a streak camera with a
advantage of the greater dg/dn, and with modulation at time resolution of 2-3 ps) was 7 ps and the time
5 GHz. The pulses showed residual A.M. of less than bandwidth product was 0.35. The optimum single
1% (measured on a lightwave analyser) and less than peak pulse (Fig. 3b) had a pulsewidth of 4 ps and a
250 fs of jitter (estimated from phase noise build up in time bandwidth product of 0.32. Numerically
R.F. spectrum). Harmonic mode-locking at the higher transforming a digitised version of the measurement
frequencies was found to be less stable (pulse to pulse yields a predicted time bandwidth product of 0.29. The
A.M. increased) so for optimum operation at 10 or 20 lower chirp is the result of a reduction in the dynamic
GHz the cavity had to be shortened to allow gain saturation effects at the lower bias current (pulses
fundamental mode locking. The laser output was obtained at the highest stable bias currents have time
optimised by tuning the cavity length for minimum bandwidth products of approx. 0.44, confirming this
pulsewidth (generally at the point when secondary observation). Further reduction of the bias resulted in
pulses due to gain relaxation become apparent), and narrower pulses (2 ps) with substructure (Fig. 3c)
then reducing the D.C.bias till the secondary pulse within a broader envelope. The secondary peaks are the
disappeared again. The dependence of the output pulse result of the output bandwidth exceeding the bandwidth
width on D.C. bias is shown in Fig. 2. of the residual Fabry-Perot modes of the laser and

Three curves are shown, a measured curve with no correspond to secondary peaks in the laser spectrum.
cavity retuning (length changes), a predicted curve from
the model with no cavity retuning, and a measured It should be noted that the modelled pulses are very
curve with cavity retuning to restore optimised similar to the observed pulses thus indicating the
operation. The modelled curve was obtained using the predictability of the source and confirming that the
parameters given in [11 ], suitably modified to match observations are the result of the gain dynamics and not
the cavity described above, and shows a close an artefact of experimental conditions. The optimum
agreement with the measured results. The measured pulses are both shorter and less chirped than
measurments show that if no cavity retuning is allowed comparable pulses obtained by other authors [12,131.
the operating current range for near optimum output is

Detuning and long term stability

30- The accuracy and range of the cavity retuning needed to
access the stable range of bias currents are illustrated in

20 +
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Fig. 2 Pulsewidth vs D.C. Bias, X = modelled results, Fig.3 Pulsewidths ....- = experiment ..... theory

+ = Observations with cavity retuning, 0 = a) 17 mA bias, FWHM = 7 ps, b) 14 mA bias,
Observations without cavity retuning FWHM = 4 ps, c) 12 mA bias, FWHM = 2 ps
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Fig. 4, which shows the dependence of cavity detuning Conclusion
on bias current.

60_ An optimised packaged mode-locked laser has been
constructed. The optimised laser design produces 4 ps

50- wide near transform limited pulses at GHz rates and is
+ ideal for use in linear and non-linear OTDM lightwave
S40 transmission systems at bit rates of 10 to 100 Gbit/s.40 -  Short term stabiliy of the source is excellent and long

30 term stabilisation is possible. The laser is well

20 + understood and can be modelled accurately.
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Abstract an angled stripe semiconductor traveling wave

Optical pulses less than 207 fsec with over amplifier (2}. The key feature of utilizing this type

150 watts of peak power have been generated from of structure is that the residual facet reflectivity of

an all semiconductor laser diode system. the diode is sufficiently low so that single mode
locked optical pulses can be obtained, without the

Introduction usual multiple coherent spike or multipulse out-
put. In addition, the thin active region (- 80 nm)

C ompact and efficient sources of high repcti- associated with these devices allows them to have a
tion rate, high peak power ultrashort optical pulses large saturation energy, thus enabling the amplified
arc nccded to replace the standard ultrashort opti- large aounttoo energy, typi -

cal pulse generation schemes due to their relatively pulses to contain a large amount of energy, typi-

large size and poor wall plug efficiency. It has been cally 100 p.

previously demonstrated that an external cavity The mode locked laser was formed by plac-

hybrid mode locked semiconductor laser system ing the traveling wave amplifier inside of an exter-

has been able to produce optical pulses as short as nal cavity. The transverse mode profile of the

460 fsec in duration with over 70 watts of peak laser is controlled by an adjustable slit S. The rear

power {1}. In this paper, a modification of this reflector is a multiple quantum well structure

system which incorporates a four prism sequence which has been epitaxially lifted off and attached

to compensate for intracavity group velocity mw -1
dispersion is described. This system produces opt- A\ A A
ical pulses that are 207 fsec in duration with over

150 watt of peak power. These optical pulses are TO

both the shortest and most intense optical pulses s@1M

ever generated from an all semiconductor laser
diode system. s WA

Experiment

The experimental setup employed is shown TO

in Fig. 1. The ultrashort optical pulses were gen- G Z )-

erated from an external cavity hybrid mode locked I
laser. The advantage of utilizing a hybrid mode Dagnou
locking scheme is that it takes advantage of the
stability wuch is offered by the actively mode Fig.{ I): Schematic of the experimental setup.
locked system, and also takes advantage of the Legend: MQW-multiple quantum well satur-
additional pulse shortening mechanisms provided able absorber; TWA-traveling wave amplifier;
by the saturable absorber. The device structure is S-slit; i-isolator; G-grating; P-prism set.
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to a silver mirror reflector (3). The purpose of the
multiple quantum well structure is that it serves as
a saturable absorber which initiates passive mode-
locking. The intracavity dispersion compensating
prisms werc included to compensate for any intra-
cavity group velocity dispersion and the chirp
which is impressed upon the optical pulse during

the mode locking process.

Passive mode-locking could be achieved by
utilizing the chromatic dispersion of the focussing
lenses, thus forcing the laser to operate in the exci-
tonic absorption region. By monitoring the spec-
trum which was reflected from the MQW-mirror
reflector, a substantial broadening of the lasing
spectrum would occur when the laser was tuned to (a)
operate in the excitonic absorption region. By
applying - 0.5 watts of RF to the oscillator where
the R} frequency was matched to the third har-
monic of the longitudinal mode frequency, the las-
ing spectrum was broadened to 8.4 rim, with a
prism separation of 33 cm. The typical d.c. bias
threshold current in this case was 209 mA. Under
these conditions the laser would emit pulses of
approximately 2.5 psec in duration at 830 nm,
with a repetition frequency equal to the third har-
monic of the longitudinal mode spacing of the
external cavity, i.e., 355 Mhz. The difficulty in
obtaining passive mode locked pulse trains at the
fundamental longitudinal mode frequency is due to
the the short gain recovery time associated with
diode lasers and the large cavity length required in
order to contain the four prism sequence. (b)

The inclusion of the four prism sequence
only partially compensates for the group velocity
dispersion, while simultaneously increasing the las-
ing bandwidth. The effects of the large nonlineari-
ties experienced by the optical pulse as it oscillates
within a round trip greatly effects the pulse shaping
mechanisms and prevents the production of
transform limited optical pulses directly from the
laser oscillator. These effects can be observed by
cxaunining the optical pulse spectra at three impor-

tant locations inside of the laser cavity. These
features can be seen in Fig. 2(a,b,c). In Fig 2(a),
the optical pulse spectra is shown as the pulse exits

the TWA after the pulse has gone through a dou-
blc pass through the prism sequence. The shape
of the spectrum is reminiscent of the classical self (C)
phase modulated spectrum which is obtained for 827 833
ultrashort optical pulses after traversing a nonlinear W avelength nm
medium. In Fig. 2(b), the optical pulse spectrum

is shown after the pulse exits the MQW saturable Fig. 2}: Optical pulse spectrum (a) before
absorber. The enhancement of the high energy NIQW absorber; (b) after NIQW absorbcr;
side of the spectrum is due to the creation of real (c) output spectrum
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carriers and the resultant reduction in the refractive the widest possible bandwidth. The bandwidth in
index. In Fig. 2(c), the optical pulse spectrum is this case could be as much as 8.4 nm. Under
shown after the output coupler. The energy distri- these conditions, optical pulses could be
bution in this spectrum has been shifted towards compressed down to 207 fsec, with II mW of
the lower energy side, due to gain depletion which amplified signal power directly after the compres-
results in an increase in the refractive index. sor. The spectral window in the compressor filters

The large time-bandwidth product (typically out the spontaneous emission giving only 100 jiW

- 8) of the hybrid mode locked laser pulse sug- of additional spontaneous emission power. In Fig.

gests that there possibly exists a large frequency 3 is the autocorrelation trace of the optical pulse

sweep, or chirp, impressed on the mode-locked for this experimental configuration. The pulse

pulse. In order to take advantage of this frequency after the compressor, with 11 mW of amplified

sweep, a standard dual grating pulse compressor average signal power imply a peak power of 150

was constructed and employed to compress the watts. These results represent both the shortest

mode-locked pulse. and most intense optical pulses ever obtained from

The pulse compressor utilized two gold an all semiconductor laser diode system.

coated blazed gratings with 1800 grooves/mm, with In summary, hybrid mode locking with opti-

two 16 cm focal length lenses. An adjustable slit cal pulse compression and spectral windowing

was located at the Fourier plane of the telescope techniques has yielded optical pulses of 207 fsec in

inside of the compressor, thus acting as a spectral duration with peak powers over 150 watts. The
filter (4}. The compressor was constructed in the pulses obtained from this system are both the

double pass geometry. The position of the second shortest and most intense ever generated from an

grating in the pulse compressor was varied in both all semiconductor diode laser system. The peak

the positive and negative dispersion regimes to powers obtained from this type of system may

achieve the maximum compression ratio. From make photonic switching and other applied non-

our experiments, the maximum pulse compression linear optical applications possible with a compact

occurs by having the grating in the negative disper- laser source.

sion regime, approximately 7 cm away from the
zero dispersion position. Acknowledgments
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Abstract photons and carriers, it is possible to obtain computer
models for the lateral variations [4 - 6]. This

In this work, the travelling-wave rate-equations have assumption may be justified in devices with
been used to numerically simulate the performance of longitudinally uniform geometries, but not in
an actively Q-switched GaAs/AIGaAs twin-electrode optoelectronic devices with explicit longitudinal
laser. For modulation frequencies from 1.0 to 3.0 GHz variations [7 - 81. Examples of new devices with
optical output pulses of 20- 23 ps were obtained. The explicit nonuniform longitudinal variations are
calculated results of this model have been compared multisegment lasers [9], lasers for active Q-switching
with experimental results and good agreement was [10], and semiconductor lasers with asymmetric mirror
found. The computer model is versatile, easy to reflectivities [I11.
implement on a small PC-type computer, and it can, The objective for this work is to develop a computer
without any modifications, be used to simulate the model which is applicable to a large variety of
dynamic behavior of a large variety of optoelectronic longitudinally nonuniform optoelectronic devices with
devices. Hence, we believe that the travelling-wave rate- general cross-sectional geometries. Furthermore, the
equations can be an important tool for simulating model should be able to handle longitudinal variations
ultrafast pulse generation in optoelectronic devices, in both the injection current and absorption, as well as

variations in the reflectivities of the end-facets.
Although an inclusion of lateral effects into our model

Introduction would be straightforward, it would require an
excessive amount of computer resources, and we

The dircct modulation of semiconductor lasers and therefore focus this work on the longitudinal and
optical amplifiers is of considerable interest for temporal behavior of the device. This work follows the
applications in high speed fiber-optic communication same lines as Shore [7] and Wong and Carroll [8] but
systems [1 - 21. As the structures of new devices there are three main differences:
become more and more complicated, detailed • We include an explicit longitudinal and temporal
understanding of the operating characteristics of new variation of the absorption.
devices can only be obtained by computer simulation. * We allow for an explicit longitudinal and temporal
In such a computer model not only the temporal and variation of the injected current.
spatial variations but also the interaction between the • We make a rigorous multimode calculation,
optical field and the carriers must be treated consistently whereas [7] and 181 restricted their calculations to
[31. Assuming a longitudinally uniform distribution of only one longitudinal mode.

-- c. - 0effISr + r - -S+m
at ne[aef2 % nff az (1)

S= L .*[Gi - wtff].Sm + r. + co aS
at nat 2 , neff az (2)

aN = J - . g"n'(S- + S) N
at e'd nfy m M (3)
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Theory j _=_I
= w. LI (7)

In this section a short derivation of the rate-equations is

given and some important aspects of the numerical where L1 is the length of the biased region (Ll  L).
method is delineated. A more elaborate treatment of the
implementation can be found in [12]. Inside an optical
device the optical field is assumed to propagate back Table 1. Notation used in the text.
and forth in the longitudinal direction between the two
end-facets with reflectivities R1 at z = 0 and R2 at z =
L. Our model is based on the multimode travelling- Symbol Unit Description
wave rate-equations for semiconductor lasers (Eqs. (1),
(2), and (3)) [13]. (For convenience all the variables
used in the text are collected and explained in Table 1.) a, [m -] Material absorption in active region.

Assuming a finite number of longitudinal modes, the
photon density is divided into counter-propagating a 2  [m -1 ] Material absorption outside act. reg.
waves. We have used the notation S+ for photons aff [m -1] Effective modal absorption.
travelling in the +z-direction and S- for the -z-
direction. Thus, the total photon density at a given Spontaneous emission factor.
point along the z-axis is given by: r Optical confinement factor.

+M [m] Wavelength for gain-max (m = 0).

Stot (Z) = E SM (z) + S r (z) Xm [m] Wavelength for longitudinal mode m.
m--M (4) 1iv, j [m -1 Mirror loss factor.

The confinement factor r is defined as the proportion TP Is] Absorption time for photons.
of the optical field that is located inside the active Ts  Is] Recombination time for carriers.
region. Furthermore, we have assumed that the [M 2  Gain-constant for modern.
spontaneous recombination rate R, can be linearised to am [in-] Gain-constant for mode .
a single time constant s representing the average carrier bm [m -l Gain-constant for mode m.
lifetime: RsP (N) = N /;, inside the active region. co [m/s] Speed of light in vacuum.
Outside the active region R is set to zero. It would be d [m] Thickness of active region.
a straightforward matter in this model to incorporate a e [As] Elementary charge.
more complicated carrier dependence of the
spontaneous recombination rate, such as a carrier Gm [m -t ] Modal gain per unit length.
dependent lifetime,;rt (N). Moreover, the modal gain gm [m- ']  Material gain.

inside the active region Gm is expressed as; Gm (N) = r h [Js] Planck's constant.
. g(N, X), where gm is the material gain for mode m. I [A] Injected current.
Outside the active region, Gm is set to zero. The Ith [A] Threshold current.
material gain, g., is taken to have a linear dependence J [A/m 2] Current surface density.
in carrier concentration and a parabolic dependence in L [m] Device length.
wavelength: LI  [m] Length of biased region.

gm = am(N - No) - bm(Xm- ) 2  (5) M Maximum number of modes.
m Mode-index.

where am and bm are gain-constants and No is the I
carrier concentration at thermal equilibrium. The N [m - 3 1 Density of electrons in active region.

effective losses in the cavity, denoted aef f, are neff Effective refractive index.
caiculated as P [W] Optical output power.

aeff = r a, + (1-17) 2  (6) Number of grid points.
R, Reflectivity of end-facet at z = 0.

where (xi and a 2 represent the material absorption R2 Reflectivity of end-facet at z = L.
inside and outside the active region, respectively. R Is- ] Rate of spontaneous recombination.
Finally, it should also be noted that the surface current Sm fm -31 Density of photons in mode m.
density J in Eq (3) is related to the total current I by the
simple expression: w [m] Width of active region.
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Numerical method where the mirror loss factor, T d, i, is defined as

Finite differences were used to discretise the 11di=  1- - In[I/R]
longitudinal dependence of the optical field. In our 2.L (13)
model the device is divided into Q + 1 grid-points with
uniform spacing, Az, between them. By using a first Equation (12), however, is not applicable when a
order discretisation scheme the time-dependent rate- longitudinally variable loss term, a(z) is considered.
equations are transformed into a set of ordinary Therefore in our model the mirror losses (Eq. (13)) are
differential equations in time which are easily solved accounted for by the boundary conditions (Eqs. (8) and
according to the second order Runge-Kutta method. (9)) and are not included in the loss terms.
The boundary conditions (at z = 0 and z = L) for the
photon waves are written: Results

S(0, t) = R• S (0, t) (8) An actively Q-switched laser may be constructed by
monolithically integrating a 50 g±m long modulator

Sm (L, t) = R2 . S+ (L, t) (9) section with a 250 gtm long multiple quantum well
laser section as described in Fig. 1 [10]. The laser

Furthermore, the optical output power from one end- section is operated by a bias current above threshold
facet is related to the total photon density adjacent to the and the Q-switching is achieved by varying the voltage
facet according to the following expression; across the modulator section and thus also varying the

absorption inside the active region. Typical values of
h-c 2lw-d M the material absorption in the experiment described by

Pi(t) 0 .(1-R)- I Sm(0,t) Arakawa et al. [101 were a 1 = 3000 cm - for a
17-neff m=-M (10) modulator bias voltage of + 1 V to al = 12000

2 w M cm 1 for a modulator bias of - 1 V.
P2 (t) =- .'(1 -R 2 ) - Y S (L, t) In our computer model we allow for the possibility of

r- .neff m=-M (11) simulating this variation of the absorption inside the
laser cavity. Thus, the absorption profile in the 300 -im
long device is described by

A note should also be made here about the definition of
the cavity losses. The average losses in the cavity are O s (0 z 250 gm)
usually expressed as an inverted photon lifetime: crxf (z) = Caemod (250 < z250 0.m) (14)

1 co Oteff + d& I + 1d, 2( 1where
tp neff  (12)

ctmod = r'a 1  + 0-n a2 + am-sin (0)o't) (15)
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Figure 1. Schematic diagram of a Q-switched Time fnsl

GaAs/AIGaAs MQW laser. The device consists of a Figure 2. Calculated optical output pulse 6 ns after a
50 pm long modulator section adjacent to a 250 gam dc bias current of 170 mA is applied. The modulation
long laser section . frequency of the absorption was 1.5 GHz.
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For our calculations we have used the figures With am = 0 the threshold current was estimated to
a t = 5000 cm -t, a 2 = 100 cm -1, and am = 3000 120- 130 mA, which should be compared with the

cm in the modulator section (i.e.z-values between value Ith = 115 mA, measured by Arakawa et al. [101.
250 gLm and 300 gm). In the laser section (0 < Applying a dc bias current in the laser section at time

t = 0, together with a modulation of the absorption
z < 250 im) the losses were taken to be alaser = 100 profile, as described above in Eqs. (14) and (15),
cm -1. For all the following numerical calculations we produced distinct Q-switched optical output pulses. For
have used these values of the absorption profile an input bias current of I = 170 mA and a modulation
together with the device parameters presented in frequency of 1.5 GHz optical pulses of At1 /2 = 22.0
Table 2. ps (FWHM) was observed after the system had
Table 2. Parameter values used in the calculations. stabilized, Fig. 2. The calculated value of the pulse

width is in good agreement with the 18.6 ps measured
by Arakawa et al. [10], using second harmonic
generation (SHG). Maintaining the modulation of the

L = 300 [lim] absorption in the modulator section at a constant
w = 5 [pm] frequency of 1.5 GHz and varying the dc bias current

in the laser section resulted in the dependence of both
d = 0.1 [Itm] the pulse width and the peak power of the optical

' s  = 2.0 [ns] output pulses, shown in Fip 3.

= 0.0001 Arakawa et al. also reported the measured pulse
widths to be nearly independent of the modulation

No = 1.0-1024 [m - 3 1  frequency. In the range 500 MHz to 3.2GHz pulse
= 30 % widths from 19 ps to 22 ps were measured at a biascurrent of I = 150 mA. In our calculations we have

R 2  30 % obtained pulse widths between 20 and 23 ps for
neff = 3.5 modulation frequencies from 1.0 to 3.0 GHz at a bias

X 0.85 [gmJ current of 165 mA (Fig. 4). In Fig. 4 we show both
0 =the variation of the calculated pulse widths as well as

F = 0.13 the peak pulse power as a function of the modulation
am  1.5.10 -20 [m2 frequency of the absorption. The results shown in Fig.
b 2.0-10 [m M-1 3 and 4 are plotted aproximately 6 ns after the bias
bm  2.0-10 22 [in 3 ] current is applied.
ateff *) In Fig. 5 on the next page we show a three-

dimensional view of the calculated electron density
(Fig. 5a) and photon density (Fig. 5b) for an actively

Q = 30 Q-switched laser biased with I = 165 mA and with a
M = 2 modulation frequency of 1.5 GHz. It can be seen that

the abrupt change in the absorption inside the cavity (at
*) Value changed in the calculations. z = 250 gm) results in a dramatic change in the

electron and photon density.

50 2000 50 2000
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40 -)1500 -10

30-.
30 3 10000

= 20

2l010 0

0 --0
140 150 160 170 180 0.0 1.0 2.0 3.0Bias current [reAl Modulation frequency [GHzl

Figure 3. Pulse width as a function of the dc bias Figure 4. Pulse width as a function of the
current applied in the laser section. The modulation modulation frequency at a bias current in the laser
frequency of the absorption in the modulator section section of I = 165 mA. Parameters used for the
was set to 1.5 GHz. calculations are given in Table 2.
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Figure 5a. A three dimensional view of the electron density as a function of time t and longitudinal coordinate z For
this calculation the device was biased with a dc current I = 165 mA in the laser section (0 < z < 250 im) and the
Absorption was modulated with a frequency of 1.5 GHz in the modulator section (250 gm < z < 300 gim).
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Figure 5b. A three dimensional view of the photon density in the Q-switched laser. Parameters used for the
calculations are the same as in Fig. 5a.
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advanced topics such as explicit multimode behavior 7. K. A. Shore, "Model for semiconductor laser
and longitudinal variations of the injected current and structures incorporating longitudinal and transverse
absorption profile. An extension of the model, to variations," IEE Proc. Pt. J 132, 52- 57 (1985).
incorporate, for example, nonlinear terms in the 8. Y. L. Wong and J. E. Carroll, "A travelling-wave
recombination rate and a longitudinal dependence of the rate equation analysis for semiconductor lasers,"
refractive index, is straightforward and does not entail Solid-State Electron. 30, 13 - 19 (1987).
numerical difficulties. Hence, we believe that the 9. R. J. S. Pedersen, U. Gliese, B. Broberg, and S.
relatively simple travelling-wave rate-equations can be a Nilsson, "Characterization of a 1.5 i three-
valuable tool for scientists working in the field of electrode DFB laser," in Proceedings from the 16th
optoelectronics, and especially those who are interested European Conference on Optical Communication,
in simulating ultrafast pulse generation in optoelectronic ECOC-90, Amsterdam, Sept. 16 - 20, 1990, Vol.
devices. 1, pp. 279 - 282.

10. Y. Arakawa, A. Larsson. J. Paslaski, and A.
Yariv, "Active Q switching in a GaAs/AIGaAs

Acknowledgments multiquantum well laser with an intracavity
monolithic loss modulator," Appl. Phys. Lett. 48,

This work was sponsored by the National Swedish 561 - 563 (1986).
Board for Technical Development (STU). 11. M. Hagberg, A. Larsson, and S. T. Eng. "Single-

ended output GaAs/AlGaAs single quantum well
laser with a dry-etched corner reflector," Appl.

References Phys. Lett. 56, 1934 - 1936 (1990).
12. B. Jonsson and S. T. Eng, "A Travelling-wave rate-

I. G. Arnold, P. Russer, and K. Petermann, equation model for semiconductor lasers,"
"Modulation of laser diodes," in Semiconductor Technical Report No 90240, Dept. of
devices for optical communication, pp 213 - 242, Optoelectronics and Electrical Measurements,
H. Kressel, ed. (Springer-Verlag , New York, Chalmers University of Technology, 1990.
1980). 13. K. Y. Lau and A. Yariv, "High-frequency current

2. M. J. Adams, J. V. Collins, and I. D. Henning, modulation of semiconductor injection lasers," in
"Analysis of semiconductor laser optical Semiconductors and Semimetals, W. T. Tsang, ed.
amplifiers," lEE Proc. Pt. J 132, 58 - 63 (1985). (Academic Press, 1985), Vol. 22, Part B.



Injection Seeding of a Gain-Switched
Semiconductor Laser with a Mode-Locked

Master Oscillator

E. A. Chauchard, L. G. Joneckis, J. S. Wey, and Chi H. Lee

University of Maryland, College Park, Maryland 20742

G. Burdge

Laboratory for Physical Sciences, 4928 College Avenue,
College Park, Maryland 20740

Abstr act a slave laser. In this work we report the

successful demonstration of this concept.
Pulsed injection seeding, where the master Good temporal (30 pS) and spectral control
laser is mode-locked and the slave laser (single mode cluster) have been achieved
gain switched, presents several advantages with a power gain of up to 17 dB in a gain
over CW injection seeding and yields switched slave laser. These results indicate
stable, higher power, coherent, short that coherent power combining should be
pulses. possible for the generation of high average

power picosecond pulses by this injection
seeding and amplifying technique, when

Introduction locking together a large number of the
gain-switched slave lasers with a single

High speed logic (>10 Gbit rates) requires a master laser.
synchronously distributed clock, which Recently, we demonstrated that the
preserves coherence. Because of clock emission spectral width of a mode-locked
fanout, the clock source must generate slave laser high above threshold can be
high average power pulses. With this reduced to one cluster by injection seeding
motivation, we have developed techniques, with a CW laser, while introducing only a
which use actively modelocked small pulse broadening [1,21. However, in
semiconductor lasers. Active mode-locking this work we report a significantly riew
of a semiconductor laser in an external approach, whereby we can generate higher
cavity can generate a train of nearly power, more stable pulses by mode-
transform limited short pulses (0.5-30 pS) locking the master laser and by gain
with a narrow spectrum consisting of only switching the slave laser (without external
one cluster of locked longitudinal modes cavity) instead of synchronously mode-
[1,21. However, when the DC bias current locking the slave laser. The resultant
is raised well above threshold in an output retains the best features in the
attempt to generate higher power, the master-slave combination (spectral purity
spectrum of the emission becomes multi- of the master and high power, short pulse
mode clusters. Therefore, it is difficult to duration of the slave) while eliminating
achieve high power output with desirable the undesirable ones. In addition, we
spectral and temporal characteristics from compare pulsed injection seeding to the
the laser oscillator alone. One way to previously reported CW injection seeding
achieve these goals is by injection seeding [1,2] by using a mode-locked master laser

194



Picosecond Electronics and Optoelectronics 195

close to threshold. It was found that average power of the gain switched slave
pulsed injection seeding has two laser was 2 to 7 mW. The output was
advantages over CW seeding. First, the characterized with a monochromator and a
stability of the system is greatly improved Hamamatsu optical sampling oscilloscope
with a pulsed master laser. Second, a (OOS-1) with a rise time of 10 pS. The
lower injected average optical power is coherence of the output was measured by
needed to obtain the same level of a Mach-Zehnder interferometer where one
sidemode suppression and the same pulse pulse interfered with the second
duration as in the CW case. Pulsed successive pulse. The interference fringes
injection did not result in a broader were recorded by a BeamScan (Photon,
spectrum than CW injection. With this Inc.), which scans the spatial profile of the
technique, short pulses (less than 40 pS) beam with a rotating slit.
can be generated even when the slave Optimization of the injection was
laser is operated high above threshold, obtained by careful alignment of the
emitting higher power. master laser beam into the slave laser, by

adjustment of the microwave modulation
Experimental setup timing using the phase shifter, and by

temperature tuning the slave laser to
The master and slave lasers were a pair of match the master's wavelength.

wavelength-matched Hitachi HLP 1400

lasers emitting close to 830 nm. The Results and discussion
master laser was mounted in a 7 cm long
external cavity, and both lasers were A typical result of pulsed injection seeding
driven by a dc bias current and a is shown on Fig. 2. The gain switched slave
sinusoidal modulation at a frequency laser was emitting short pulses (32 pS
around 1.9 GHz (Fig. 1). The master laser FWHM measured) and a broad spectrum of
was isolated from the slave laser by a many clusters (Fig. 2, middle). After
Faraday isolator, and its emission was injection by the master laser with narrow
injected into the slave laser by a 50%reflectdio be slittlser. The outp spectrum (Fig. 2, top), the output spectrum
reflection beam splitter. The output of the slave laser contains only one cluster,

the frequency side mode suppression ratio
is better than 22 dB, and the pulse

S ST BER duration has increased only slightly to

" M _DIAGNOS- about 37 pS (Fig. 2, bottom). The same
I-TICS results could be achieved with CW

IMi CL MD L ,injection only if the injected power was
.W I doubled. Moreover, the pulsed injection

I scheme produces a much more stable
.,B . output. The recorded interference fringe

GL 50 50% IF S pattern demonstrates the coherence of the
injected slave output. The output power
was 6.1 mW while the injected power was

Fig. 1: Experimental setup. MW: 0.4 mW, resulting in a "gain" of 15. When
microwave synthetizer; DC: dc bias current; the injected power was lowered to 0.13
PS: phase shifter; ML, SL: master and slave mW--increasing the "gain" to 46--the side
lasers (Hitachi HLP 1400); GL: GRIN lens; mode suppression ratio decreased to 17
MI: mirror (50%); CL: cavity length (7 cm); dB. It should be noted that the set-up
ISO: optical isolator; MO: microscope could be improved by injecting the master
objective; IF: Mach-Zehnder laser light through the back facet of the
interferometer; BS: Beam Scan (Photon slave. If the power were raised above 8
Inc.). mW by raising the DC current to the slave
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Fig. 2: Example of pulsed injection seeding result: interference fringes (first column), spectra (second column)
and temporal pulse shapes (third column). Top: master laser alone, center: slave laser alone, bottom: slave laser
with injection.

laser, a shoulder appeared in the temporal should be applicable to many other types
pulse shape of the output, due to the of lasers, commercial or experimental, for
formation of a second pulse This instance, with a larger power output
phenomena limits the output power capability.
attainable with this type of lasers. Because only a small amount of master

The word "gain" was left in quotes to laser power is required for one slave laser,
stress the fact that this injection seeding it should be possible to lock together a
technique differs from a simple large number of slave lasers with one
amplification approach, as explained in the master laser. This will be an effective
following two arguments. First, the slave coherent power combining scheme to
laser is lasing high above threshold when coherent power combining scheme to
the injection is performed. Second, with obtain stable, high power, coherent, short
this technique, the pulses from the master pulses.
laser are not only amplified in the slave
laser but also shortened in duration. The References
output spectrum is also wider than the
master laser spectrum alone. i. L. G. Joneckis, PhD Thesis "Dynamics of

The large chirp of the output light may mode-locked AlGaAs semiconductor
be used in a pulse compression scheme to lasers.", University of Maryland, 1990.
shorten the output pulse duration. If this Submitted for publication.
is successful, this source would be suitable
for electro-optic sampling of ultrafast 2. L. G. Joneckis, P. T. Ho and G. Burdge,
circuits. "High power and injection -seeded

All of our experimental results were mode-locking of semiconductor lasers",
obtained with simple, inexpensive Conference on Lasers and Electro-optics,
commercial lasers. However, the technique May 21-25, 1990, Anaheim, CA.
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1 Abstract scales - 10A with low probe intensities (we use an
incandescent lamp). DBD depletion and accumula-

Charge transport in several double bar- tion regions can be seen, as can signals originating in
rier diodes has been studied with optical the QW. This signal can be calibrated to obtain the
transmission-based methods. The quantum- QW stored charge Q. These methods have previ-
well stored charge is quantified, and accu- ously been applied to modulation-doped field-effect
mulation and depletion regions are observed. transistors.[2]
Evidence for both inter- and intra-subband
scattering is found. Other workers have studied the charge accumula-

tion in a DBD using photoluminescence,[3] excita-
tion spectroscopy in conjunction with

Introduction photoluminescence,[4] as well as methods involving
magnetic fields.[5] Since we can use low light in-

tensities and rely on optical absorption-a technique
Double-barrier tunneling heterostructures are part allowing absolute calibration-we believe DAS to be
of an emerging class of devices that rely on quantum- both a significantly more accurate[3], and a much
mechanical effects for their operation. A deeper
understanding of these devices is possible when di- Monochromator Dewar
agnostic methods that augment electrical measure- ---'---
ments are employed. In our project, we have used Chopper
differential absorption spectroscopy (DAS) to in-
vestigate the operation of the resonant-tunneling Lamp

double-barrier diode (DBD). --__

This technique, whose experimental realization is

detailed in Fig. 1, relies on measurements of nor- (for AT)

malized changes in optical transmission, AT/T =

[T(V) - T(Vo)]/T(Vo) where T(x) is the transmis--PC
sion at voltage x, arising from electrical modula-EEEContr-
tion imposed upon the device.[1,2] For small sig- : c

nals AT/T = -lAa, where Aa = c(V) - a(Vo) Detector
is the change in absorption and I is the length over -> T Spectra
which the change occurs. Lock-in signal extraction

allows the observation of AT/T signals as small as
10- 4, permitting observation of events on length Fig. 1 Schematic Experimental geometry.
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less invasive method of determining Q. In addition, 0.003 -Symmetric Sample 40

we can determine the energy distribution of the elec- 10K
trons stored inside the QW, without the confusion.:'QW

caused by creating large numbers of highly excited .

electron-hole pairs in the measurement process. A 
- -

Acc. 01
All samples were grown by molecular beam epi- -0.001 0.0 Voltoge (V)

taxy on conducting InP substrate and show pro- 56
found negative differential resistance (NDR). Elec- Acc. 56
trode doping in single resonance samples was 5 x
1017cm -3 , and the QW thickness was 45 A . Bar- Depl.
rier thickness varied between 55 and 95 A , with in- Eqj7 

1 Eg+Ef Eow  Ow Depl.
tended geometries indicated in the legend of Fig. 4. -0.005,
[1] The barrier material is Ino. 52A10 .4sAs, with QW 0.76 0.95 1.14 5x1 017

and electrodes being In 0 .53Ga0 4 7As. Measurements Energy (eV)

were performed on 150 pm2 mesas at 10K.
Fig. 2 Representative DAS data, band diagram,

3 Results and I-V curve, with modulation voltages indicated.

Representative 10 K DAS data are shown in Fig. cumulation. At the valley of the NDR, the signal
2. The three ATIT = [T(V) - T(O)]/T(O) spec- becomes abruptly differential in nature, consistent
tra were obtained for modulation between zero and with a mostly empty QW.
points indicated on the I-V curve: low voltage prior
to the onset of tunneling (smallest curve), at the Focusing on the QW signals in more detail, Fig. 3
peak of the NDR, and at the valley of the NDR presents I-V curves along with the QW signals ob-
(dotted curve). The major features of the data are tained from two samples. Modulation was between
a negative going signal peaked at -.- 0.83 eV due to zero and various voltages ranging between the on-
the formation of a depletion layer, a positive feature set of tunneling and the peak of the NDR. ATIT
at - 0.9 eV due to the formation of an accumula- signal strength steadily increases with bias. These
tion region, and a set of signals near I eV coming spectra provide information about the accumulation
from the QW. In the accumulation layer, increases of charge in the QW. In Fig. 3(a), spectra for the
in carrier density relative to zero bias increase the structure having barrier/well/barrier dimensions of
number of occupied states at E > Es + E1 (Es is 55/45/80 A are presented, for the bias direction in
the bandgap and Ef is the zero bias Fermi energy), which the emitter barrier (denoted by 1 with trans-
preventing absorption from taking place and making mission TI) is 55 A thick. In Fig. 3(b), we present
the sample slightly more transparent in this energy similar data for a corresponding symmetric sample,
range. This causes a positive ATIT signal. Simi- having a 56/45/56 A geometry. The peak current
larly, depletion of carriers from beyond the collector densities for both samples are similar. However, the
barrier enhances absorption for E. < E < Eg + E! ATIT signals from the asymmetric sample are much
and causes a negative peak. larger than those from the comparable symmetric

sample. This is due to enhanced charge accumula-
QW signals have two distinct lineshapes, which tion in the QW of the asymmetric sample, and can

is helpful in identifying device activity. Differential be attributed directly to changes in transmission of
(two-signed) signals are due to field induced shifts the collector barrier (denoted by r and T7,). The
of the exciton resonance, and arise from the quan- absorption bleaching in the asymmetric sample is
tum confined stark effect. These signals are indica- approximately equal to the total exciton absorption
tive of a mainly empty QW. As electrons populate strength, as measured on a 45 A multiple quan-
the QW, the dominant effect becomes a bleaching tum well (MQW) calibration sample, while the sig-
of the excitonic absorption via the Pauli exclusion nals in Fig. 3(b) are less than 17 percent of this
principle, and a strictly positive spectral feature re- value. This, coupled with the increasing asymme-
suits. Thus, we can see the filling and emptying of try of the DAS lineshape-indicative of the onset of
the QW during transport. At low voltages, prior continuum band filling-tell us that the exciton has
to the onset of tunneling, the QW signal is small been completely bleached in the asymmetric sample.
and differential, consistent with the empty state of Conversely, when biased such that the emitter bar-
the QW resonance. At the peak of the NDR, the rier is 80 A thick, QW charge accumulation is not
signal is strong and positive, indicating charge ac- observable.
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Bleaching signals obtained for current densities Asymmetric Sample
ranging from the onset of tunneling to the peak of 0.013 Forward Bias 1 OK

the NDR can be calibrated to obtain the QW stored
charge to an accuracy of better than 50 percent. ^
Calibration is achieved by knowing the amount of 0.008

exciton bleaching induced by a known population .-.
J -" ............

of electrons. We get this information from mea- 06

surements of a 50 period MQW sample having 45 00v00 M

A Ino.53 Gao.47 As wells and 70 A Ino. 5 2Alo.As 0.003
barriers. In this sample we can measure the ab-
solute exciton absorption strength, binding energy,
and saturation density. Knowing the absolute ab- -0.0020.96 1 .02 1.08
sorption strength of the QW, coupled with its satu- Energy (eV)

ration behavior, provides a 'ruler' against which the
absorption bleaching in our DBD samples can be Symmetric Sample
compared. We can thus obtain a calibrated measure 0.0018 10K
of the stored QW charge. It should be emphasized 4W0

that DAS is unique among techniques used to mea-
sure Q in providing such an absolute external cali-
bration. Specifically, we use relations between car-

Tier population and absorption bleaching to allow us 0.0008
to obtain the QW stored charge.[l,2,6,7] The most ,o
basic of these relationships, valid in the small signal olt . ,
regime, is Aa/a = -N/N:, where Aa is obtained
from AT/T data, a is the unperturbed exciton ab-
sorption (obtained from the calibration sample and -0.0002
taken here to be 20000 cm - I and N,1 is the exciton 0.94 1.04 1.14

saturation density for electrons.[8] In Fig. 4 we sum- Energy (eV)

marize the results of these studies with tabulation of Fig. 3 QW DAS signals and I-V curves for
Q and Q/J as a function of J for various samples. (a) a 55/45/80 A geometry asymmetric sample, bi-

Analysis of QW charge density in the asymmetric ased so that the emitter barrier is 55 A , and (b) a

sample presents a special problem, because of the 56/45/56 A symmetric barrier sample. The greatly

larg exito blechig ivolvd. or ow lvel of increased bleaching signal in the asymmetric sample
large exciton bleaching involved. For low levels of corresponds to increased QW charge accumulation
bleaching, we can use Aa/ca = -N/N ~ to find N.

In the large signal regime, we take advantage of the as compared to the symmetric sample.

lineshape of the DAS, which tells us that we have
just reached the point of complete exciton bleach- the bottom of the band, in that no evidence of ab-
ing. This will occur when all the states that con- sorption bleaching is observed at higher energies. If
tribute to the exciton wavefunction are occupied. carriers were present at higher energies, continuum
In energy space, this corresponds to 0 < E < Eb, absorption bleaching would result in positive DAS
where Eb is the exciton binding energy. From the signals at higher energies. The sensitivity level to
absorption spectra of the same 50 period MQW on such bleaching is estimated to be 5 x 108 cm- 2 in a
which N,' was measured, we find Eb = 9.5 meV, 2 meV bandwidth typical for these measurements.

and thus a density of 1.63 x 1011 cm- 2 for complete
exciton bleaching. We thus have confidence in our This observation implies that parallel momentum
charge density values at low and high levels of exci- relaxation has taken place. At the peak of the
ton bleaching, and linearly interpolate between them NDR, the resonance level aligns with the conduc-
to obtain the data for the asymmetric sample shown tion band edge of the injecting electrode. Therefore,
in Fig. 4. tunneling electrons have essentially zero momentum

directed perpendicular to the barriers and a wide

4 Interpretation range of energies Ell = (hkll) 2/(2m) associated with
k1l, the momentum directed parallel to the barriers:

Observe that the NDR peak bleaching signal in Fig. 0 <Ell < Ef . [9] In our samples Ef > 55 meV. We
3(b) is that of a carrier population localized near conclude that almost all the carriers have relaxed
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via intra-subband scattering from an initial distri- Charge Densities

bution of 0 < Ell < E! to one of 0 < Ell < Eb, 10K

where E _ 9 meV is the exciton binding energy 2

in this sample. Such relaxation clearly requires in- 101 l
elastic scattering events to occur. This relaxation
is observed in all our samples and demonstrates the
inelastic nature of the resonant tunneling process in E 2
them. This result is not particularly surprising when 1 z5

the time scales over which carriers reside in the QW 70/45/70

are considered and compared to typical (< 1 ps) 5 5/45/85

phonon emission. Q/J provides such a time scale (a /. . . . .
and is plotted in Fig. 4(b). 100 2 3 .0 2 3 10 2J wc/m2) 1o

Of particular interest is the behavior of Q/J in
the asymmetric sample (the open squares in Fig. 4). Times (Ne/J)

The strong decrease in Q/J with bias in the asym- 10 K

metric sample is consistent with the theoretical form
for Q/J that derives from the classical period in the 2
well and the transmission probability T of the col- 1 0-9

lector barrier. We find that

Q 2L _ ~ 10____
v T,- i (1) E * 56/45/6J- v . r -- - ' 70/45/70

95/45/95

where Er is the energy of the quasibound QW res- 2 a 55145/Ba
onance and E1 = h27r2/(2mL 2) (m is the effective )
mass, L is the well width, and v is the carrier ve- 100 2 3 01 2 3 102 2 3

locity perpendicular to the barriers). However, it is J ACM 2

inconsistent with the bias dependence of the coher-
ent state lifetime h/AE, where AE is the full width Fig. 4. (a) Q vs J for all samples, (b) Q/J vs J
at half maximum of the overall transmission reso- for all samples
nance. This transmission function is very similar to
that of a Fabry-Perot cavity[10]. Without scatter-ing, w finddoes occur during the transport through our sam-
ing, we find ples, simple scattering-free calculations of Q/J using

h h" Eq. (1) and transfer matrix calculations of T, agree
AE - (T, + T)V ' (2) reasonably well (within a factor of 2) with our exper-

imental resultq for Q/J ranging from 10 ps to over 2

and the two theoretical forms are not equal.[l] ns. There are several possible explanations for this
interesting observation. Initially, we note that paral-

Since bias causes T to decrease while T increases, lel momentum relaxation in the QW does not affect
the differences between Q/J and h/AE are clearly Eq. (1), since it depends only on the velocity of carri-
illuminated via the bias dependence of Q/J in a ers perpendicular to the barriers. Further, Stone and
sample in which T exceeds T,. In symmetric sam- Lee[12] have argued (in one dimension) that scatter-
pies placed under bias, T, rapidly dominates T and ing preserves the area under the transmission peak.
Eqs. (1) and (2) become similar. In the asymmet- That is, scattering tends to broaden the transmission
ric sample, however, the two forms predict oppo- resonance while decreasing its height such that the
site trends, with Eq. (1) indicating a strong decrease area under the transmission is conserved. Since the
with bias while Eq. (2) shows an increase. Exper- three-dimensional carrier distribution in the emit-
imentally, we observe a decrease, confirming that ter electrode is much wider in energy than the res-
Q/J and h/AE are not equal. onance, tunneling injection occurs across the entire

width of the resonance. Quantities such as Q and
It is interesting to note that while our experi- J must then be relatively insensitive to scattering,

mental results demonstrate that inelastic scattering because they integrate across the transmission peak.
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Corrections to this model that take into account kil 5 Two-resonance samples
distribution effects, such as coupling to kl, and vari-
ation in barrier height with k1l, have not been con-
sidered. Evidence for inter-subband scattering can be found

by studying a sample containing two confined states
Fig. 4 permits several observations to be made and having two NDR regions.[5] This sample has 70

about the accumulated charge in symmetric barrier A barriers and a 100 A QW and is doped in the
structures. First, we observe that the largest charge electrodes to 1.5 x 1017 cm- 3 . Biasing to voltages
accumulations in a given device occur at the peak approaching the second NDR region injects carriers
of the NDR, where the current is maximum. This is into the second QW level. In Fig. 5, we present data
the case because the number of carriers capable of for the two-resonance sample, specifically the DAS
tunneling into the resonant state steadily increases signals arising from the second QW level, obtained
as the resonance level is brought into alignment with at various modulation voltages. The I-V curve is
the emitter electrode band edge, and despite the fact also shown, with intersections denoting the electrical
that the finesse of the DBD, when viewed as a Fabry- state of the device. The DAS signal from the sec-
Perot cavity, degrades with bias. The finesse (F) can ond QW level is differential in shape at all voltages,
be defined for a cavity with transmissions T,Tr << indicating no significant accumulation of charge in

as the second QW level. This establishes the tunnel-

F- T + T'" (3) ing process here as being sequential in nature, in
that electrons relax from the second level to the first

The current through the device at the NDR peak is before tunneling out of the structure. Although it

related to the overall maximum resonant transmis- can be qualitatively observed, we have not been able

sion. In the absence of scattering and for T,T, to quantify the resulting charge accumulation in the

this is [10,13] first resonant state, because the QW signal from this
state now overlaps with that of the accumulation

4TTr layer.
Tn,-a = T + T ) "  (4)

?fO~T+r)2* 0

n=2 Transition E
From this and Eq. (1) it follows that Q depends not 2 resonance DBDOK -
just on F, but also on T as

LC)

Q oc (T + T) 2  TF2, (5) 0

where these equations assume carrier transport from
I to r. We stress that this equation does not con-
sider all the factors on which Q can depend, just
the barrier transmissions. Eq. (5) shows that it is
possible for an asymmetric structure to have charge
accumulation exceeding that of a symmetric struc-
ture having much higher finesse, provided T exceeds
T.

Finally, we note that the electric field due to the Q Fig. 5. DAS data for a two-resonance sample.
values we have measured is small compared to the Modulation was between zero and the points indi-
externally applied field. At the peak of the NDR, cated on the I-V curve.
the electric field imposed on the structure is in the
1 - 2 x 105 V/cm range, while the maximum elec- 6 Conclusions
tric field arising from the largest Q values is roughly
1.3 x 10' V/cm. Therefore, these levels of charge ac-
cumulation should not have a significant screening We have been able to reach several conclusions about
effect on the external field. Larger charge accumula- DBD transport from our DAS studies. We can ob-
tions could be expected for more heavily doped elec- serve the formation of depletion and accumulation
trodes, since Q depends on the number of electrons regions as well as the character of the QW behav-
capable of tunneling at a given voltage. ior. We can quantify Q, the QW stored charge,
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Abstract embedding the heterostructures in the intrinsic region of
a p-i-n-diode. The anticrossing of the levels in coupled

We present the first observation of the spatial dynamics well structures due to application of an electric field has
of a wavepacket in a solid. Using an ultrashort laser been reported in several publications (see, for example,
pulse, we create an excitonic wavepacket in one well of [3-51).
an asymmetric double quantum well structure. The
oscillation of this wavepacket from one well to another Another interesting feature of semiconductor
and back is traced by time-resolved pump-probe heterostructures is the possibility of observing tunneling
spectroscopy as well as time-resolved degenerate four- transport through the barrier layers. Double barrier
wave-mixing. We present results for two GaAs/AIGaAs structures (DBS) [61 have shown promising properties as
double quantum wells with oscillation periods of about microwave generators with operating frequencies up to
1.3ps and 800fs, respectively. The experimental several hundred Ghz [7]. Such structures also have been
observations are compared with a theory that shows that investigated with optical techniques [8-111. Recent
the two experimental techniques give complementary investigations with time-resolved optical techniques have
information about the relaxation dynamics of the coupled been concentrated on asymmetric double barrier
system. The analysis of the experiment explains the structures (a-DQW). The main advantage of an
strong damping of the oscillations by the fast asymmetric structure is the ability to discriminate
thermalization between the delocalized states. transitions in the two wells by their spectral position.

Resonant tunneling of electrons [12-14] and holes [15-
Introduction 17 have been observed in a-DQW's in several

experiments. However, already the first experiments [12]
Coupled double well systems are important in many have shown that the tunneling times observed in such
different areas of physics. The theoretical aspects of experiments are considerably longer than expected for a
such systems in the presence of dissipation have been coherent tunneling process. It was recently shown [15]
studied in detail and were recently reviewed by Leggett that a unified picture of tunneling and relaxation can
et al. [1]. Advances in the fabrication of ultrathin layered qualitatively explain the observation of longer tunneling
semiconductor heterostructures in the last two decades times. It turns out that the tunneling time in the limit of
made it possible to design quantum well structures with strong scattering and relaxation (i.e., the scattering and
high crystal quality artificially. The anticrossing of the relaxation are faster than the coherent tunneling time)
electronic levels in a semiconductor double well becomes inversely proportional to the relaxation time.
structure was first observed by Dingle et al. [2]. One Results of hole tunneling [151 were in close agreement
advantage of coupled wells that are realized in with theoretical expectations. Additionally, extrinsic
semiconductor heterostructures is the possibility of effects like sample imperfections might play a role, as
tuning the relative energy of the various levels by discussed recently [14].

204
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CI3 resonance). The upper part of Fig.2 shows the
L wavefunction of the lower delocalized level (V .O)

and of the upper delocalized level (V *)"

WW A Resonant excitation of, e.g., the WW with a shortelaer
J:1J::pulse (vertical arrow) with a bandwidth covering the two

VBL delocalized levels will create a wavepacket in the WW
off resonane In resonanc consisting of a linear superposition of the two

wavefunctions [18,191. This wavepacket will then
#2 I' A. oscillate between the wells (as schematically shown in

T -t2-tj the lower part of Fig.2) with a time period Tosc given by

#1
h (1)

k =2k -k # -,E(1)3 2 I #

Figure 1: Upper part: asymmetric double quantum well where AE is the splitting between the delocalized states.
out of (left) and in (right) resonance. Bottom: Such oscillations are a pure quantum-mechanical process

Schemaical set-up of the pump-probe and four-wave- without classicl analog [1]. Half the oscillation time can

mixing experiment. be considered as the tunneling time of an ideal coherent
tunneling process. The idealized picture as given in Fig.2
is modified in a real system due to collisions and

Figure 1 shows a schematic picture of an asymmetric relaxation, which will lead to a damping of the
double quantum well structure. The wide well (WW) oscillation. Wavepacket oscillations have recently been
and narrow well (NW) consist in our case of GaAs, the observed in atoms [20], which offer favorable conditions
barrier between the wells and the cladding layers of for coherent experiments due to the long dephasing
Al.Gal As with a larger bandgap. The electronic levels times involved. However, these systems are much more
of the wide and the narrow well are localized in the complicated than the simple double well system
wells when no electric field is applied (eft side). discussed here, and they are not tunable.
Application of a reversed bias (right side) causes a
resonance and a subsequent delocalization of the We report here the first observation of coherent
wavefunctions. (Note that the hole levels are out of wavepacket oscillations in a solid [21]. The oscillations

are traced in the time domain by pump-and-probe (PP)
as well as degenerate four-wave mixing (DFWM)

* symmetric + antisymmetric spectroscopy. The oscillation time constants agree with
the coherent tunneling model (Eq.1). By varying the

7A A alignment of the levels, the properties of the wavepacket
AE and its dynamics can be strongly influenced. We develop

a theoretical model based on the optical Bloch equations
of a three-level system. The theoretical results are in
qualitative agreement with the experiment. They show
that pump-probe and four-wave-mixing experiments give
complementary information about the relaxation

t=O dynamics of the system.

Experimental Results

___------t=T/2 We present results for two sample structures: Both
structures contain ten periods of an a-DQW system and
were grown by molecular beam epitaxy. Sample A

t=To consists of a 170A GaAs wide well, followed by a 17A
Al0 .35Ga0 .65 As barrier, and a 120A GaAs narrow well;

Figure 2: Upper part: coupled wells with symmetric Sample B of a 150A GaAs wide well, followed by a
(left) and antisymmetric (right) delocaized state. 25A Alo.20Ga0.&oAs barrier, and a 120A GaAs narrow
Bottom: oscillation of a wavepacket created by a well (all parameters given are nominal values; optical
superposition of the delocalized states. characterization indicates that the values are precise
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loses strength until both have about equal intensity at
resonance (+0.3V). The splitting between the peaks is
about 3meV. With further increase in field, the upper
eaergy peak rapidly moves to higher energy and loses
strength, while the lower energy peak moves slowly and

-0.25 acquires the strength of the original hh exciton peak.
o 0' The spectra reflect the eigenstate probability distribution

in the wells: At electronic resonance, both states are
Co 0.25 delocalized and have nearly equal probability in both

wells; out of resonance, the delocalization gradually
0.42 disappears, and only the transitions within a well are

.6 important. The observation of the anticrossing in both hh
and lh transition clearly shows that the anticrossing is

0.s taking place between electron states, not between hole
bias (V) NW transitions states. Figure 4 shows corresponding spectra of the first

170/17/120A a-DOW hh and lh transition of the WW: The anticrossing of the
1.54 1.55 electronic levels is similarly observed as in the NW

Energy (eV) transition shown in Fig.3. Note that the resonance of the

Figure 3: Absorption spectra of sample A, taken in the electronic levels is obtained at higher fields in the WW

vicinity of the NW heavy-hole transition. transition than in the NW transition: This effect is
caused by the different binding energies of direct and
indirect excitons and has been experimentally observed

within 10%). Figure 3 shows as an example absorption before [22,23]. It is very pronounced in our case due to
spectra of sample A in the vicinity of the fist heavy- the similar width of both wells. The observation of the
hole (hh) and light-hole (h) transition of the NW, taken different fields for the resonances is also a reminder that
at low density with a cw laser. For low electric field one has to deal with excitonic rather than electronic
(+0.8V), the spectrum shows the first hh and lh exciton wavepackets. Absorption spectra of sample B (not
transitions of the NW. As the field is increased, a new shown) show similar anticrossings with a larger splitting

peak appears below the hh exciton peak (+0.6V). This of about 5meV.
peak gains strength and the original hh exciton peak

Up to now, most studies of tunneling in DQW have
used time-resolved luminescence to trace the dynamics
of the carriers. All those experiments were performed
with excitation high up in the bands, e.g., the carriers
first have to relax to the bandgap. In an earlier

-1.1

c -0.7

-5 o -1.3V

-0.3 . 1V

bias M WW transitions o

170/17/120 a-DOW ---

1.525 1.530 1.535

Energy (eV) -2 -1 0 1 2 3

Figure 4: Absorption spectra of sample A, taken in the lime Delay (ps)

vicinity of the WW heavy-hole transition. Note that the Figure 5: Pump-probe signal for sample A, with
electronic resonance is at higher voltage, compared to excitation of the WW. The electronic resonance is
the NW (Fig.3). at about -0.6V.
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can also be described as quantum beats of the
wp axit"tion delocalized levels. The data shown here are the first

o e Bobservation of absorption quantum beats in a solid [21].

Figure 6 shows the results of a pump-probe

C experiment in sample B with larger splitting
(AE 5meV). At electric fields [25] close (10.4kV/cm) or
slightly above the resonance (14.2kV/cm), the

10. transmitted signal shows a strong modulation that
.2 reflects the oscillation of the wavepacket. The oscillation

period is about fs. as expected from Eq. (1) for a
E 14.2 splitting of about 5meV. Further away from the

resonance (18.0kV/cm), the modulation becomes weaker
"[ 0 and the oscillation period smaller. This shows very1 ATf/r-5x10 clearly the increasing localization of the wavefunctions

_W/_ _ __) ._ in the wells and the increase of the splitting between the

-1 0 1 2 3 levels. Pump-probe experiments at the NW transition

Time Delay (ps) also show the oscillations with approximately the same
period.

Figure 6: Pump-probe signals for sample B. The
electronic resonance is at about llkV/cm. These results are fully confirmed by time-resolved

self-diffracted DFWM experiments. Here, two incoming

publication [24], we have already shown that
experimental techniques using resonant creation are 100
better suited to study coherent tunneling transport. In the -,

present study, we trace the oscillation of the wavepacket ov
in a pump-probe (PP) experiment as well as in FWM.
The lower part of Fig. 1 shows a schematic dr- ig of
both experiments: In the case of PP, the "pump" pulse
(direction kj) with a duration of about 5Cifs creates the -- 0.4V
wavepacket; the sample transmission is probed with a
weak "probe" pulse (k2) as a function of delay time T. i( -0.6v

Figure 5 shows the change in transmitted probe intensity
versus delay time. The excitation is chosen resonantly to U 0.8V

the WW transition, thereby creating an excitonic
wavepacket in this well. Temperature (about 5K) and 1.2V

density (about 5x10 s cm 2 ) are kept low to avoid fast 10-4
dephasing of the transition due to carrier-phonon or -2 -1 0 1 2 3 4
carrier-carrier scattering. The trace for a bias of -1.3V Time Delay (ps)
represents the case of nonresonant conduction electron
levels: The signal has a step-like onset due to the
bleaching of the absorption by the carriers and decays Figure 7: DFWM-signals for sample A with
subsequently. The trace for electronic resonance of the excitation of the WW transition. The electronic
wells (-0.6V) clearly shows an oscillatory modulation,
with a period of about 1.3 ps. The oscillation period
agrees reasonably with that expected from the measured
splitting AE-3meV in the linear absorption spectrum at beams with the directions k, and k2 form an excitonic
resonance (Figs. 3 and 4). In this sample, we observe grating, and a probe signal is diffracted from this grating
only one pronounced peak and a weak second into the background-free direction k3=2k2-kl (Fig.1,
oscillation. If the conduction electron levels are detuned bottom). This time-integrated diffracted signal is
(-IV), the modulation becomes weaker and the period measured as a function of the delay time T between the
shorter, as expected due to the increased splitting incoming pulses and gives information about the exciton
between the levels and an increased localization of the dynamics. The DFWM signal versus the delay time for
wavefunctions. The spatial oscillation of the wavepacket sample A is shown in Fig.7 for various applied voltages.
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If the electric field is below (OV) or above (-1.2V) the Theoretical results
field where the electronic levels are in resonance, the
signal is exponential and reflects the free decay of the We analyze the experimental results with a theoretical
polarization, i.e., the loss of phase coherence of the model describing the coupled wells as a three-level-like
excitons due to scattering processes [261. The decay system. The hole state is defined as level 10>, the two
shows a periodic modulation, if the conduction electron delocalized states are I1> and 12>. We define relaxation
levels are tuned in resonance (-0.6V). The modulation of rates -1 and y2 , which describe the dephasing of the two
the DFWM signal reflects the oscillatory behavior of the upper levels to the ground state (i.e., the decay of the
wavepacket, which was photoexcited in the WW. The density matrix elements no, and n.2), and a relaxation
modulation period agrees with the period observed in the rate y3 , which describes the dephasing due to relaxation
PP experiment. If we tune the conduction electron levels between the two upper states (i.e., the decay of n1 2). The
slightly out of resonance (-0.4V and -0.8V), the signals for the PP and the FWM experiments are
modulation becomes weaker due to the increasing calculated using a density matrix theory in a perturbation
localization of ihe eigenstates in the wells. ansatz. The signal for pump-probe ip and four-wave-

mixing IFWM signal are then proportional to the third-
Figure 8 shows the FWM results for sample B with order polarization in direction k, and k3 , respectively.

larger splitting. Around the resonance of the levels (at For 8-shaped pulses and purely homogeneous
about l1kV/cm), the FWM signal clearly shows an broadening, we obtain the following relations: (h=l)
oscillatory modulation, which becomes weaker further
away from resonance. The general picture is similar to 2 2 (2)
sample A, however, the oscillation is again less damped Ipp -w, +w2 +wlw211 +cos(AET)exp(-y 37)]
than for sample A. Similar signals are observed when
we tune the laser in the resonance of the NW. In this
case, however, the oscillation is more strongly damped. and for the FWM signal
This can be explained by the scattering by free carriers,
which are simultaneously created in the WW when the
excitation is resonant to the NW transition [25]. Forl[ 2 2 1
higher temperatures and densities, the oscillations also W+ W2  2wW(7 1+Y2)
become more strongly damped. IFWM a -  - 2 (Tl +y2)2 +AE 2

2 -2yT 2 -2y2T+2I2~(E~x[(1Y)]

W , e +w2e +2w2T 2  (AE7)e[ +yTi

100 WW excitation' (3)

sample B
-, where w, and w2 are the spectral weights of the

transitions. Note that the phase relaxation between the
delocalized levels y3 is responsible for the damping of
the oscillation in the PP experiment, in contrast to the

8.1 FWM experiment, where the relaxation to the ground
states yl and y2 leads to the damping. The present theory

9.7 does not allow a quantitative analysis due to the
approximations of 6-shaped pulses and homogeneous

11.2 broadening. However, a preliminary analysis of the dataP
[21] shows that the thermalization time between the

o 12.7 extended levels is short (about 1ps), which leads to a
-3 14.2 F k (y/cm) strongly damped wavepacket motion. This explains why

10 . sample B with a faster oscillation frequency shows more
-2 -1 0 1 2 3 oscillations. The scattering rate between such delocalized

Time Delay (ps) levels has been calculated by Liu et al. [27]. The main
scattering mechanisms they considered were scattering

Figure 8: DFWM-signals for sample B and excitation at impurities and interfaces. Scattering times were in the
of the WW. The electronic resonance is at about ps range for the a-DQW structures they modeled in their
I 1kV/cm. calculation.
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Carrier Sweep-Out from Quantum Wells in an
Electric Field

A. M. Foxt D. A. B. filler, G. Livescu,? J. F. Cunningham, and
W. Y. Jan

A T& T Bell Laboratories, Crawfords Corner Road,
Holmde4 New Jersey 07733

Abstract times in three carefully designed GaAs/
AlxGal-xAs quantum well p-i-n structures. The

We show that the carrier sweep-out from principal variable between the samples is the
GaAs/AlxGai-xAs quantum wells with x < 0.3 is height and thickness of the A1GaAs barriers: the
thermally assisted at low fields, and dominated reference sample had x = 0.3 and a barrier
by tunneling at high fields. thickness Lb of -60 A; the second sample had

the same x-value, but Lb was reduced to 35A,
and the third sample had approximately the same

Intro Lb as the reference, but had x reduced to 0.2 .
Since the barrier height is determined by the

The physics of carrier escape from quantum x-value, these samples allow us to study the
wells in an electric field is important for variation of the sweep-out time against the
improving the quantum well electroabsorptive barrier height at constant barrier thickness, and
devices such as the Self Electrooptic Effect vice versa.
Device (SEED) [11. The carrier lifetime is
important not only because it puts a lower limit Carrier Sweep-out Measurements
on the switching time [21, but also because it
affects other properties such as the electro- We measured the sweep-out times by the
absorption and the exciton saturation intensity technique of time-resolved electroabsorption [4].
[3]. This latter point in fact proves to be very In Fig. I we show our results for the three
significant for SEED systems, because these samples. (The sample details are given in the
systems tend to run at intensity levels much figure caption.) Measurements were performed
greater than that required to switch a single between 10K and room temperature.
device. (Sufficient energy must be passed to the On comparing the results for the three
next device in the system to switch it after samples, we note that:
allowing for the system losses.) At these high • The sweep-out times tend to decrease as the
power levels, the exciton absorption saturates, field is increased.
which puts an upper limit on the intensity which • All three samples show a minimum in the
can be used. We have recently shown how the escape time at the voltage for resonant tunneling
saturation intensity is strongly affected by the of electrons. The position of the minima agree
design of the quantum well structure, most likely well with the resonant voltage found from careful
because of the changes in carrier sweep-out spectroscopic studies [5].
times which accompanied the change in design ° Escape times decrease on reducing x or Lb.
[31. * Below the resonant voltage the escape time

In this paper we report measurements of the decreases strongly with temperature, but above
field- and temperature-dependent sweep-out resonance, the sweep-out time is practically

210
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(a) (b) (C)
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Figure 1. Measured sweep-out times for our GaAs/AlxGal-xAs p-i-n quantum well structures against
reverse bias and temperature. The sample details are as follows: (a) 65 periods with Lw = 95A, Lb =
65A, x= 0.20 ; (b) 80 periods with Lw = 95A, Lb = 35A, x= 0.33 ; (c) 75 periods with Lw = 65A, Lb
= 57A, x= 0.31. The arrows in (a) and (b) indicate the resonant tunneling voltage determined from
photocurrent spectroscopy.

independent of temperature. (The absence of Since the sweep-out rate of the electrons and
100K data points in Fig. 1 (c) for voltages below holes may differ, we have added a subscript i in
9V indicates a very long lifetime). Eq. (2) to indicate the particle type. T is the

The results clearly show the importance of temperature, mi is the effective mass in the well,
the barrier design in determining the sweep-out and Lw is the well width. Hi(F) is the effective
time. barrier height for thermal emission, and may be

written approximately as:
Discussion

The carrier lifetime in a quantum well in an Hi(F) = -E (n -i e I F L./2 (3)
electric field F can be written as:

1 1 1 1 where Qe/Qh is the ratio of conduction to
= - + + - (1) valence band discontinuities, (Qe + Qh = 1), AE5

'TR 'E TT is the difference in band gaps between the well

and barrier material, and Ewi is the confinement
The three terms refer to recombination, energy of the nth subband relative to the center
thermionic emission and tunneling respectively, of the well. Usually we will be restricted to the
In the conditions we are considering, the case of n = I .
recombination rate is usually negligible compared Following the analysis of Larsson et al [7],
to the thermal emission and tunneling rates, and we write the tunneling rate as the product of an
thus we will discuss only the second and third attempt frequency and a tunneling probability.
terms on the right of Eq. (1). If we assume that The time for tunneling through a single potential
the thermal current in the direction contrary to barrier is then given approximately by:
the field is negligible, the thermal emission time
TE is given approximately by [61: r 1

I nklL2  exp - J (4)

1 - L - T (2)

(EX 2 L 2 xLk J where Lb is the barrier width, mbi is the effective
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Figure 2. Sweep-out time for sample (a) of Fig. IW
at 3.OV between 10K and 300K. The inset is an 200 -

Arrhenius plot of the thermal emission time
deduced from the data by assuming a
temperature independent tunneling time of
330ps. The fits to the sweep-out and thermal Figure 3. Electron and heavy hole energy level
emission times assume the same activation diagram corresponding to Fig. 2 . The shaded
energy of 49meV. bands indicate the range of possible energy

states which participate in the thermally-
mass in the barrier, and n is the quantization activated escape mechanism.
number of the sub-level into which the particles
are excited. H'i(F) is the effective barrier height temperature is increased, thermal emission
for tunneling, and would be given by a similar becomes increasingly more important, and we
expression to Eq. (3), but Lw/2 replaced by the can use Eq. (1) to deduce tE . The values of TE
position of the weighted mean potential of the deduced in this way are plotted against T-
tilted barrier. between 140K and room temperature in the inset

Our experimental results compare favorably of Fig. 2 . This Arrhenius plot allows us to
with the predictions of Eqs. (1)-(4). The changes determine the thermal activation energy to be
in 't brought about by varying F, x and Lb are 49-15meV. The uncertainty allows for the
well explained by the variation of the thermionic estimated accuracy of the deduced thermal
emission and tunneling times. The fact that % is emission times, and also for the relative
insensitive to temperature at high fields indicates insensitivity of the straight line fit to small
that the dominant high field escape mechanism changes in the activation energy. The curve
is tunneling. The sensitivity of T to T at low fitted to the sweep-out time in Fig. 2 was
fields clearly points to the importance of thermal obtained using a temperature independent
emission. tunneling time of 330ps and the 49meV

To examine the thermal emission process in activation energy. We repeated this analysis at
more detail, we show in Fig. 2 the measured 3.5V reverse bias and found a tunneling time of
sweep-out time for the sample with x=0.2 and lOOps and an activation energy of 47meV.
Lb = 65A (sample (a) from Fig. 1) as a function We can obtain a clearer understanding of the
of temperature at 3.OV reverse bias. We find two measured activation energies by referring to Fig.
different types of behavior. Up to 100K, the 3, which shows the electron and hole energy
sweep-out time is independent of temperature. levels of the sample at a field strength of
Above 100K, the sweep-out time decreases 45kVcm-1 . This field strength corresponds to
strongly with temperature until it approaches the about 3.OV reverse bias after allowing for the
experimental resolution of -lOps. The results can built-in voltage of the diode. The energy levels
be readily explained in terms of Eqs. (1) - (4). At were calculated by the tunneling resonance
low temperatures, the thermal emission process technique [8] using a band offset ratio Qe:Qv of
is frozen out, and we simply measure the 67:33 , and checked for consistency with the low
tunneling time (-330ps in this case). As the temperature absorption spectra. The shaded
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(a) Thermal emission of holes from the n = 1 18031
heavy hole sub-level over the top of the AlGaAs
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Abstract

We use differential absorption spectrcscopy to investigate the temperature dependence

of the accumulated charge in a resonant tunneling diode. We find that the charge density

is approximately constant between 10-300K, and that the electrons are thermalized with

the lattice at all temperatures.

The nature of a resonant tunneling pro- ential absorption spectroscopy (DAS): We

cess that involves inelastic scattering events modulated the charge density in the well by

is of a wide interest lately[1 - 3]. In this pa- modulating the voltage applied to the diode.

per, we investigate the influence of inelas- This in turn caused a modulation of the ab-

tic scattering by measuring the tunneling sorption coefficient a of the well material.

characteristics at various temperatures. We The absorption coefficient is related to the

show that the stored charge and the transit electrons density N, primarily due to Pauli

time are not sensitive to a large temperature exclusion principle, which inhibits transi-

change. tions into states filled by electrons. This

We used a symmetric double barrier mechanism, often referred as phase-space-

diode under electric bias to study the elec- filling, affects both the excitonic and the

trons tunneling process. Our sample was continuum band-to-band spectra. At low

composed of two 70A InAlAs barriers and densities, a,(hw) = a?°(hw)[1 - fe] where

a 45A InGaAs well between them. The ac and ao are the continuum contribution

zero bias Fermi energy in the emitter and to the absorption coefficients when the QW

collector was 55 meV. A more detailed de- is filled (ac) or empty (ao), and fe is the

scription of the sample is given at ref(4). electrons normalized distribution function.

The experimental method we used is differ- For the excitonic case it is common to de-

214
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fine a characteristic saturation density N,, The largest positive peak is due to bleach-

such that Aa/a = N/N. Low carrier den- ing of the heavy-hole (hh) exciton, and it

sities produce small changes in the absorp- is accompanied by a small positive peak

tion coefficient, and then AT/T = -Aal, (higher in energy), which is due to bleach-

where T is the transmitted light through the ing of the light-hole (lh) exciton. The

sample and 1 is the well thickness. Hence, lower energy features originate from the

by modulating the voltage on the diode be- contact layers, and will not be discussed

tween V = 0 and V, and measuring AT here.J4] The absorption bleaching at all

using a lock-in technique, one can calculate temperatures is concentrated at the bot-

the change in the electrons density in the tom of the band, although hot electrons

quantum well, if N, and a are known. In our are also injected to the well from the

measurements V is the voltage that corre- emitter, where the Fermi energy is about

sponds to maximal current, and is denoted 55meV. This is an evidence to electrons

Vpeak. thermalization through phonons emission.

Figure 1 shows 4 DAS measurements At high temperatures, when the typical

taken at T=10K, 90K, 170K and 290K. time between collisions is much smaller

then the transit time, phonon absorption
2gO°K becomes the dominant process, and a tail to-

ward the high energies appears in the DAS.

To analyze the measurements, we per-

90oK - formed a careful fit of the DAS at each

o0) temperature, to a curve which is a sum

ro 0 of differential signals from the hh and lh

o -excitons and the continuum. The exci-

(D 1O0 K tons were assumed to have a gaussian line

4-1 - shape and the continuum was described

C- by a temperature broadened step function
Qro multiplied by the Sommerfeld enhancement.

10-3We included both the bleaching due to

phase space filling and the small contribu-

tion due to a Stark shift of the QW en-

0.8 0.85 0.9 0.95 1 ergy level. Figure 2 shows the relative in-

Photon energy (ev) tegrated change of the area under the hh ex-

Figure 1. Differential absorption spectra at citon, Ahh/Ahh, as a function of tempera-

4 different temperatures measured at Veak. ture, where Ahh = f Aahh(hw)d(hw) and
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Ahh = f ahh(hw)d(hw). Ahh(T) was ob- be seen that the decrease in Ahh is consis-

tained by measuring the absorption spec- tent with the expected increase of the sat-

tra of a 50 QW's calibration sample with uration density N e over that temperature

identical well and barriers width. Measure- range. We can thus conclude that the tem-

ments were done at various temperatures, perature dependence of Ahh is due to that

although Ahh is essentially temperature in- of N e and that the electron density in the

dependent. QW is essentially independent of the tem-

As mentioned above, one has to know perature. The resulting value for the con-
stant electrons density, which is obtained

the saturation density N, at each tem-

perature, in order to find the electrons by a best fit procedure, is 2.5 x 10 1 0 cm- 2 .

An analysis similar to that we performed atdensity N. We derived thle tempera-

ture dependence of Ne(T) and N-h(T), ref. 4, which is based on the peak values for
Aahh and ahh gives a higher value for N,

the exciton saturation density in the pres-

ence of electrons and in the presence of

electron-hole pairs, respectively[5]. This al- The current density J was also mea-

lowed us to determine Ne(T) from opti- sured at each temperature, and found to be

cal measurements[4] of Nt-h at 10K. The almost constant over the entire temperature

solid line in Fig. 2 shows N/N, as a range: Jpeak -_ 60A/cm- 2 . Dividing the ac-

function of temperature for the calculated cumulated charge Q by the current density

N'(T) and for a constant N. It can J we can get the transit time through the

00.20 -~

cC
C 0 0.!150

Q _
._

0 ©
>0 40.10

a, D0.05 0

0.00 , 1 , , I I
0 100 200 300

Temperature (°K)
Figure 2. The relative change of the heavy hole exciton absorption area as a function

of temperature. The solid line is the calculated N/N,(T) for N = 2.5 x 1010 cm-2.
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structure -r = Q/J ; 75ps, in a reasonable which characterize the tunneling process,

agreement with a transfer matrix calcula- the current density, the stored charge and

tion. Since J and r" are temperature inde- the transit time, are insensitive to a large

pendent, so are the total transmission prob- temperature change. We demonstrated that

ability and the escape rate from the well. resonant tunneling can be observed even

This is in agreement with the quantum me- when its inelastic width is grater than the

chanical description of the tunneling process elastic one, and that the electron trans-

given in Ref(3). mission probability through the structure is

We also note, that the intrinsic (elas- modified by inelastic scattering in such a

tic) width of the resonance, re, depends way that the integrated probability remains

only on the decay rates through the barriers, constant.

which are temperature independent. When References:

temperature is increased, the inelastic width 1. M. Buttiker. IBM J. Res. and De-

ri,, increases. At room temperature, al- velop. 32, 63 (1988)

though rin > e, the prorcss character- 2. A.D.Stone and P.A.Lee, Phys. Rev.

istics changes only sligb 1 v lue to conserva- Lett. 54, 1196 (1985).

tion of the integrate" t". asmission probabil- 3. N.S. Wingreen, K.W. Jacobsen, and

ity. J.W. Wilkins Phys.Rev. B40, 11834
(1989), and Phys.Rev.Lett 61, 1396

To summarize, inelastic scattering pro- (1988).

cesses in- olving the tunneling electrons were 4. I. Bar-Joseph, T.K. Woodward, D.S.
Chemla, D. Sivco, and A.Y. Cho,shown to occur in the well, such that the Phys. Rev. B41, 3264 (1990).

electrons distribution is thermalized with 5. S. Schmitt-Rink, D.S. Chemla, and
the lattice at all temperatures. Neverthe- D.A.B. Miller, Phys. Rev. B32, 6601

less, the three major physical quantities (1985).
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In a double barrier resonant tunnelling diode, the lifetime of the electrons in the well is governed by the
coupling of the confined states to the continuum of states outside the barriers. The well states are broadened by
the interaction with the continuum on each side of the structure and are thus metastable, even without any
relaxation mechanism such as phonon emission. If an electron is injected into the structure as in the experiment
of Tsuchyia et al [1], it will leak out with a time constant given only by the barrier thickness.

In a system of coupled quantum wells (CQW) on the contrary, we are dealing with eigenstates of the
system. Even at resonance, when one level of the narrow well (NW) is at the energy of a level of the wide well
(WW), finite lifetimes are only observed because of additional perturbations to the system. In the absence of
such perturbations, electrons would stay forever on the coupled levels (we are dealing here with a system
prepared in a "classical mixture" i.e. with electrons equally distributed in the two wells, we refer the reader to
Leo et al. [2] for the case where a wavepacket is created in one of the wells). The strongest perturbation, in the
case where the coupled levels are separated from the ground state by more than one optical phonon, is the
coupling to LO phonons [3]. If the coupled levels are the ground states of the system, the lifetime of electrons
will be mainly radiative [2].

We now consider the case where resonance occurs between the first level of the NW and the second level
of the WW. In the simple picture of perfect alignment of the levels in the two wells, coupling by a thin barrier
gives rise to the well-known bonding and anti-bonding states split by an energy 5 which is exponentially
varying with the barrier thickness. The eigenfunctions I :±> would then read:

I0± >= 1/4 2( I On> ± I 02w>) (1)

where I Oln > and I 02w > are the wavefunctions of the first and second levels of the isolated NW and WW
respectively. In this very simple picture, where perfect resonance is achieved and where phonon emission is
treated as a small perturbation to the system, the coupling to phonons leads to a scattering time equal to exactly

twice the time in one isolated quantum well, independantly of the barrier thickness. More precise calculations
only show a change in time for very narrow barrier when the splitting between the coupled levels cannot be
neglected and results in a difference in the q vector of the emitted LO phonon [4].

CQWs have been studied by time resolved luminescence in order to get information on the dynamics of
the system : the parameter of importance is the time constant of the NW luminescence decay. Resonance has
been obtained by applying an electric field [5,61. This has the great advantage of tunability: it allows to go
through the resonance with only one sample.
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We have chosen to study the resonance by a
10 proper adjustment of the growth parameters [71 :

DELAY: 2ps resonance is achieved by growing a series of
101 samples, only changing one parameter (in our case

-Z the width of the WW or of the tunneling barrier).
%A This method necessitates of course the growth of
hmore samples, but it has a number of advantages.

10 First it allows to work on several CQW periods
without any problem with the field inhomegeneity.

CL= Second our samples have been p-doped in order to:
-Increase the cooling rate of the electrons,

which interact with the background holes,
64/41/142 COW -Increase the luminescence efficiency

(proportional to the number of holes),
- TLATTIC t - 20K -Select electron effects as the possible10

movement of photocreated holes has a negligibleDELAY: 10ps efc nteosre yaisi h o est
'LA"' 

CEregime.

z 10 The first two effects are of great importance as
we want to study very short transients. Our samples
are grown in the GaAs/AIGaAs system by molecular

10 beam epitaxy. The width and Al content (around 26
%) of the different layers are carefully checked by
using x-ray diffraction together with a simulation

1.5 1.55 1.60 1.65 program of the different diffracted intensities [4].
ENERGY (eV) After measurements the samples are labelled as

LNILb/Lw, where LN is the width of the narrow
Fig.l: Luminescence of a 64/41/142 CQW at two different well, Lb the tunnel barrier thickness, Lw the width

time delays after the excitation pulse : 2 ps and 10 ps. Note the of the large well.

strong decrease of the narrow well luminescence. We study the dynamics of the different

luminescence transitions with subpicosecond

resolution by upconversion of the luminescence signal [8]. Resolution of our system is basically limited by the
width of the laser pulses which can be as short as 120 fs. The measurements are carried out with 600 to 800 fs
pedestal free pulses with an energy of 2.04 eV.

We show on Fig. I the spectrum of one of our " 1000
samples, measured to be a 64 / 41 / 142 i.e. a sample 64/41/142
designed to be as close as possible to the resonance 1.56 eV
condition. The spectrum is plotted on a Log scale a

wich explains the rather broad shape of the Z 100/
luminescence peaks. We observe two different
transitions, one at 1.51 eV due to the recombination ++
in the large well and one at 1.57 eV corresponding +
to the narrow well. As in all experiments of that ++
kind, we measure the time decay of the narrow well - 10 - +
luminescence. The time behaviour of the narrow

well luminescence intensity is reported on Fig.2. It DELAY (ps)
shows a rather short risetime and a decay time of 2 Fig.2: Time behaviour of the narrow well luminescence. The
ps. The resolution of our system is checked at the crosses indicate the resolution of the system, and the solid line
same energy by measuring the luminescence of a is a fit (see text).
GaAs sample implanted with oxygen and not annealed. In such a case, the lifetime of the carriers is known to
be very short [91 and the luminescence decay is given by the time resolution of the system. The decay of this
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luminescence is shown by crosses on Fig.2, it 100
demonstrates : first that we have generated pedestal
free pulses, second that the resolution of our
experiment in the energy region where we perform
our measurements is better than 1 ps. The -
luminescence data of Fig.2 can be fitted by using
three level model and assuming exponential transfer ' 10/
between the different states. It also takes into 0 / 0

account the width of the excitation pulses which is /
responsible for the signal at negative delays. The - /
pulsewidth is obtained as a gaussian of 600 fs full _ a\ Io

width half maximum, and the decay time of the last I.- 1 /

level is 2.2 ps.
Fig.3 evidences the resonance effect for a V

series of samples with the same barrier thickness. As
the width of the wide well is changed from 120 A to
190 A, the two wells go through resonance. A clear

minimum in the decay time is observed for
thicknesses around 150 A. Also shown on the figure
is the expected decay time dependence. Clearly the 100 150 200
resonance is roughly at the correct position, but is wIDE WELL WIDTH Lw (it
much broader and less deep than expected. The

same is true for the experiments of Oberli et al [51 as Fig.3: Decay time of the narrow well, as a function of the wide
well as Alexander et al. [6]. well width for a series of samples with 40 A barriers.

We show on Fig.4 the results obtained on two
series of samples: one grown to be "on resonance",

o 'OFF' RESONANCE and the other to be "off resonance". On this figure,
6 0/Lb / 12 0 we have plotted the 'NW luminescence decay time as

'ON N E / a function of Lb, the thickness of the tunnelling
ON'0RESONANCE barrier. On the same figure, we have also reported

1000 60D/Lb 14 0 the results of the studies by Oberli et al [5] and

Alexander et al [6]. For these 3 studies the samples
are in fact quite similar as made out of
GaAs/AlGaAs with comparable Al content in the

4W barriers. Note that all "on resonance" experimental
results follow the same trend.

The decay times for the "on resonance".2"7/ samples show two well defined regions : one
>-/ corresponding to barrier thicknesses larger than 40

A where the variation of the decay time with the

/ I barrier thickness is exponential (note that the slope
- A / in that case is exactly the same as for the "off
-- / resonance" samples). In the second region, below 40

10 9/ A, the decay time stays approximately constant
/ a// (between 1.7 and 2.5 ps, taking into account the

uncertainties in the measurement) for the seven
0 / different samples studied (whose barrier thicknesses

/ range from 42 A to 22 A).
4 --  One possible interpretation of this behaviour is

the following. For barrier thicknesses below 40 A, it
,__is indeed possible to grow samples where I ¢ln >

50 100 and I 0 2w > are resonantly coupled. By "resonantly
BARRIER WIDTH Lb (A) coupled" we mean that the wavefunctions of the

bonding and antibonding states I D+ > and I4)_>
Fig.4: Decay time of the NW luminescence as a function of the both extend over the two wells, with approximately
barrier thickness for two series of samples: (o) "off resonance", equal probabilities. The situation of resonant
and (+) on resonance". On resonance times observed by Obeli coupling is rather easy to obtain for very narrow
et al [41 ( 0 ) and by Alexander et al [51 ( A ) ae also plotted, barriers, even if the resonance condition is not
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perfect On the contrary, when the barrier becomes large, the resonance condition is much more stringent In a
simplified picture, the wavefunctions of the two coupled levels would read:

14+ > = (1-e/28) I Oln > + E/28 2w > (2)

10 - > = E/25 I Oln > + (1-e/28) 0 (2w >  (3)

where e is the energy mismatch between the two levels and 8 the strength of the coupling. It is easy to see that
for small coupling, 0+ > is localized in the NW and 0 _> in the WW.

Since the ground state of the system is almost
entirely localized in the WW, relaxation of I + > to
the ground state is governed by the small lobe of the 1 I,20A
wavefunction still extending into the large well 130A
[4,71. Due to the exponential variation of 8 with the
barrier thickness, the relaxation of I 0+ > to the 6 0 A/Lb/Lv

ground state will also vary exponentially, as XA.0.26 145A

experimentally observed. The same interpretation
exactly holds for the case of purposely "off
resonance" samples: the small part of the
wavefunctioji (c/25)1 02w > extending in the WW ,1
still governs the relaxation of the NW. i. o50l

Thus the observed behaviour in the different
experiments is quite well reproduced by the very
simple calculations exposed here. More detailed
calculations using the envelope function formalism
are exposed in ref. 4 (see also [ 10, 111), they lead to
the same qualitative tendencies, the quantitative 151A
agreement is also quite satisfactory. The results of 151A

such calculations axt- reported on Fig.5. It shows that 0
an error of 1 A only is enough to localize the
wavefunctions if the barrier thickness is larger than
50 A. The main limitation of this description is not 151.2 A
in the region of narrow barriers but in the case of
large barriers where our way of treating the coupling
to phonons as a small perturbation to the energy
levels of the system is not adequate anymore close 151.27831A
to the resonance. This is then especially true for the
experiments of Oberli et al [4), and Alexander et al _0 _______,______

[5] where it may be though that they come closer to 20 40 60 80 '00 120 140
resonance than in our adjustment of the growth BARRIER WIDTH L,,)
parameters.

Fig.5: Calculated scattering time from the wavefunction mainly
In order to improve over these calculations, it localized in the narrow well for different values of the large

is necessary to perform a calculation treating on a well width, i.e. for different detunings.
equal footing the coupling between the two wells
and the phonon scattering. This can be performed in
the framework proposed in [121. The result of such a calculation will only be briefly exposed here. The decay
time T of the population in the coupled levels can be written as:

T = 2/170 + (1 +n3 )(4E2 +82 )/(2ro82 ) + (2ien 1 + ron2)/(o82 ) (4)

where ro is the strength of the phonon scattering, and n 1,2,3 describe the initial carrier distribution. In our
experiments, it is reasonable to assume that we start with a classical mixture : the initial distribution is equally
dis, "hiuted over the two wells. Then, n3--n =n 2 =0 and the above equation reduces to:

T = 2/ro + (4C2 +ro 2 )/(2ro82 ) (5)

This equation describes the main features of the observed phenomena. It seems similar to the equation
derived by Leo et al. [131 but improves the description as it allows to consider all limiting cases (strong
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mismatch, strong coupling and strong scattering), our description also allows to describe the different initial
carrier distributions : classical mixture as well as wavepacket in one of the wells (then n3 =1, n I=n2=0).

Let us consider now a few limiting cases of interest, the system being prepared in a classical mixture as in
the experiments that we just described.

For a strong mismatch (E > 8), it gives:

T = 2E2 / o 2 (6)

Owing to 82, T varies exponentially with the barrier thickness, which explains the exponential variation
of the observed times, for both the "off resonance" samples and the "on resonance" ones with large barriers, in a
way exactly similar to the simple description of eq. 2 and 3.

If on the contrary we assume a negligible detuning, then we have two main regimes : the first where the

electronic coupling 8 is strong enough (8 >> ro, i.e. narrow enough barriers), then:

T = 2/r o  (7)

and we find the same result than in the preceeding description : the decay time should be twice the scattering
time in an equivalent isolated quantum well.

If now the coupling is small (compared to ro) the time should follow:

T = 2/"o + 1o/82 (8)

T should show a non monotonic behaviour as a function of ro, a conclusion different from that proposed
by Leo et ai. [13]. A possible configuration to check this non monotonic behaviour is proposed in ref.12.
Numerical estimates for the case of refs. 4 and 5 improve the quantitative agreement, but do not explain totally
the observed times. The largest change would be observed for the experiment of Alexander et al [5], where the
barrier is quite large (80 A), Eq.8 would predict a decay time between 5 and 12 ps at resonance (depending on
the precise value of the scattering strength) significantly longer than the 2 ps calculated in the previous model,
but still shorter than the experimental time of 50 ps. The rest of the descrepancy at resonance (50 ps versus
10ps) must be due to residual interface roughness effects which have been neglected up to now.
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Abstract time only gives the tunneling time of the car-
rier type (the electrons) which tunnels faster.In
this work, the non-linear photoluminescence cross-

The formation of excitons from photoexcited free correlation technique [2] is used to simultaneously
carriers in a GaAs asymmetric double quantum measure the electron and hole tunneling times in
well tunneling structure is shown to occur by a bi- two ADQW's under the same sample conditions.
molecular process. Using the non-linear lumine- We show that the non-linear signal originates from
scence cross-correlation technique, a bi-molecular competition between tunneling and bimolecular ex-
formation coefficient of 6xO-12 cm 2 /ps is determi- citon formation and can be used to determine an
ned. The electron and hole tunneling times are also important additional quantity, the time required to
simultaneously obtained. form excitons from photo-excited free carriers.

Introduction Experimental

Asymmetric double quantum well (ADQW) struc- The samples under investigation were 3 GaAs-
tures consist of a wide and narrow quantum well se- AlGai_,As ADQW's grown on a Si doped n+
parated by a thin barrier through which tunneling GaAs (100) substrate. The sample structures
may occur. ADQW's (and very similar double bar- consisted of a buffer layer (600nm GaAs, 2Onm
rier tunneling structures) have been studied using Alo.3 5Gao.6 5As, lnm GaAs, 10nm A10. 3sGao.6sAs,
time-resolved photoluminescence (TRPL) to inve- five periods of a 2nm GaAs/3nm A10.35Ga 0.6 5As
stigate non-resonant electron tunneling times as a superlattice), 100nm Ao.3s5Ga 0 .6 5As, a 10nm wide
function of barrier thickness and the transition to quantum well (QW.), a A10.35Gao.65 As tunneling
resonant tunneling by means of an electric field ap- barrier of various thicknesses, a 5nm narrow GaAs
plied perpendicular to the plane of the well. Re- quantum well (QW,), 100nm Alo.35Ga 0 .s5 As and a
sonant and non-resonant hole tunneling times have 4nm GaAs cap. The barrier thicknesses were 3nm
been measured, also using a perpendicular electric in sample 3, 4nm in sample 4, and 20nm in sam-
field [1]. A limitation of the TRPL method is that it ple 20. Sample 20 was used as a reference struc-
is not possible to measure the electron and hole tun- ture since tunneling is negligible for a barrier of
neling times simultaneously, or to determine hole this width. The experimental arrangement for the
tunneling times directly in the absence of an elec- non-linear cross-correlation measurement is shown
tric field, because in both cases the TRPL decay schematically in Figure 1. A hybrid mode-locked
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PULSE TRAIN tons which then recombine radiatively, and a linear
dependence of PL output on n,, is obtained. Howe-

P715Enm [EPT ver, for free carriers photoexcited in the narrow well
700 s ACF SPECTROMETER of an ADQW structure, strong competition exists

CHOPPER between exciton formation in the narrow well (and
130 H

thus excitonic photoluminescence from the narrow
-: A-- well) and tunneling from the narrow well to the wide

x$/2 'j-lnachneite

CHOPPER well. The generation of a non-linear change in the
230 Hz DELAY PL output as a function of n,. can be seen as fol-

SAMPLE lows. At low n,,, such that the free electron and/or
hole tunneling rate is much larger than the exciton
formation rate, the probability of exciton formation,
and consequently of excitonic luminescence, is re-
latively low. As n,, is increased, the exciton for-
mation rate increases but the tunneling rate (inde-

Figure 1. The non-linear PL cross-correlation mea- pendent of ne) remains constant. The probability

surement.(ACF - autocorrelation function, PMT - of a photocreated carrier contributing to excitonic

photomultiplier tube). luminescence therefore is increased, giving a non-
linear change in the excitonic luminescence from the
narrow well as n,, is varied.

The cross-correlation signal can be modeled using
Pyridine I dye laser is used to generate pulses of a system of rate equations:
around 700fs (FWHM autocorrelation function) at
715nm. The laser output is divided into two beams dn - n N
which are then overlapped on the sample which is dt 7C e +h

maintained at 8K in a helium cryostat. The photo-
luminescence is dispersed by a 1/2m spectrometer dp - -L + N + G(t) + G(t - (2)
and detected using a cooled GaAs photomultiplier. dt 7h re

Beam 1 is chopped at 230Hz and beam 2 at 130Hz
and the photoluminescence signal is detected at the dN N - N N
sum frequency, 360Hz. The beams are perpendi- dt Cnp e 

T
h -LT

cularly polarized by a A/2 plate to suppress any where n, p, and N are the density of free electrons,
coherence artifact in the detected signal [2]. free holes, and excitons, respectively; r, and rh are

A signal is only generated at the sum frequency the tunneling times for electrons and holes; TLT is
when the PL emission is a non-linear function of the exciton radiative lifetime; G(t) and G(t - t) are
the excitation density. By varying the delay bet- carrier generation terms given by two Gaussian pul-
ween the two pulses, the decay of the non-linear ses of appropriate FWHM; i is the delay between
change in PL output generated by the two pulses the two pulses. The bimolecular generation rate
may be measured. of excitons is given by the term Cnp, where C is
Theoretical Model the bimolecular exciton formation coefficient; n/r,

p/rh are the tunneling rates for free electrons and

holes. Tunneling of an electron or hole bound in an

The origin of the PL non-linearity in these mea- exciton ('excitonic' electrons or holes) is given by
surements is the bimolecular nature of the exciton the rates N/r and N/nh. We assume throughout
formation process, i.e. the exciton formation rate is that there is no difference between the tunneling
proportional to the product of the free electron and rates for excitonic electrons and free electrons and
free hole densities. In an isolated single quantum between excitonic holes and free holes. It should be
well, this bimolecular formation process does not noted that the excitonic tunneling terms N/r, and
affect the quantity of excitonic PL finally emitted N/rh not only decrease the density of excitons but
from the sample, all carriers eventually form exci- also give a positive contribution to the free hole and
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tion time, Te, equal to the l/e time for a photoex-
5 cited population of electrons and holes to form exci-

tons in the absence of tunneling. Setting all tunne-
Z ling rates to zero in (1)(2)(3), this l/e time is given

4 /(brby, = (e-1)/Cn,.,. Assuming that r7 << Th, two

0 categories of solutions may be obtained depending

;3- whether T, < T, or Te > T, as illustrated in Figure
o2. For T, < T, (curve a), the modeled signal closely

tapproximates to two exponential decays with timej-
0. (0) constants given by Te and Th. For T, > Te, (curve

b), the fast decay becomes first faster than T, but
ZI then exhibits a non-exponential 'shoulder'. Finally,

a slow decay in the signal is obtained which tends

0 0 to an exponential decay with a time constant given
0 100 200 by Th. The initial fast decay followed by a non-

DELAY [psl exponential shoulder corresponds to the case where
the non-linearity is first strongly reduced by very

Figue 2 Th modlednonliner P crss- fast exciton formation and then recovers slightly as
correlation signal (arb. units) vs. delay (ps) for exciton electron and freeoes aregrelea-

the two categories of solutions described in the text ed whic macontute ant frher elto
(LN enoes nturl loarihm) Cure () T,< T.,. sed which may contribute again to further exciton

(LN denotes natural logarithm). Curve (a) Te <Te1 .

Curve (b) T, > Tr1 . For both curves T, = 15ps, formation.

Th = l5Ops and n,., = 101 0cm- were used. In Note that an exact solution to (1)(2)(3) exists for

(a), C=3x10I3 cm2 /pS giving -r,,=57Ops. In (b), excitation by a single delta-like pulse if the tunne-

C=3xlO-10cm2 /ps giving rT1=5.7ps. ling times are short compared to the exciton for-
mation time. For this approximation the total lu-
minescence intensity is proportional to n2 . Since

free electron densities, respectively. Finally, the ra- ie increases with decreasing ne., below a certain
diative recombination term, NITLT, determines the excitation intensity which is low enough to make
photoluminescence intensity emitted from the sam- Tex >> -r, Th a square law dependence of the pho-
pie. toluminescence on n, is expected.

Solving the (1)(2)(3) numerically, n(t,0), p(t.-), The value of the radiative lifetime has negligible
and N(t, t) can be obtained and the time integration influence on the temporal decay of the non-linearity
of N(t, t)/TLT gives the total time-integrated pho- as long as the radiative lifetime is much longer than
toluminescence as a function of the delay between the fastest tunneling time. The value of TLT in the
the two pulses. The non-linear part of the lumine- narrow well is taken to be the same as the TRPL
scence is then calculated by subtracting twice the decay time of the narrow well of sample 20 (230ps)
luminescence calculated for one pulse from the total so this condition is easily satisfied in the samples
luminescence. Since the non-linearity in the photo- studied here.
luminescence output originates from a bimolecular Finally, it should be noted that only excitons with
process, we assume that terms in the excitation den- centre of mass momentum, K, near K=O may re-
sity dependence of the PL intensity higher than n2, combine radiatively 13). The increase of the num-
are small. This assumption is supported by spec- ber of excitons near K=O due to hot exciton coo-
trally and temporally integrated PL measurements ling to the lattice temperature causes a finite rise-
described later. In this case, the sum frequency time of the excitonic PL as measured in conventio-
signal in the PL cross-correlation measurement is nal TRPL measurements performed below 60K 14].
proportional to the calculated non-linearity. We emphasise that because the time-integrated PL

Because exciton formation is a bimolecular pro- is measured in our experiments, hot exciton cooling
cess, the growth of the exciton population is non- has no influence on the measured non-linear PL si-
exponential and has no single characteristic time. gnal as a function of delay, but only introduces a
However, we can define a density dependent forma- constant amplitude pre-factor. This is a particular
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advantage of this technique compared to conven- 2 S 4tE,

tional TRPL, where the strong influence of exciton 2 ... 0 -
'CM (a)

g. ,12214)4cooling on the PL risetime makes accurate measu- -. .
rement of exciton formation rather difficult. C 16 "1111 "Cm2/P&

Results
,, l I

0 2 SAWLE 4
Figure 3 shows the spectrally and temporally inte- 3 (b)

grated exciton PL (arbitrary units) as a function of G1
Xh .0175 101)Mn_ for QW, and QW of sample 4 and QW,, of ,,ll75-I0Ips

sample 20. Photoluminescence excitation spectros- z 1
copy measurements verified that the luminescence
originated from the heavy-hole exciton line.

For QWn of sample 4, where the tunneling out of 0 oo 200 300

the well is efficient, the expected strong non-linear DELAY lps)

variation of the integrated luminescence signal is Figure 4. PL cross-correlation signal vs. delay for
observed. The gradient of 2 on the log-log scale in- QW,, of Sample 4 at (a) n,=2xl0'°cm- 2 and (b)
dicates a square law dependence at low excitation as n,_=5.8xl09cm - 2. Also shown is the theoretical fit.
predicted for the model when 7- < 7-. By contrast,
the PL from QW of sample 4 and QW,, of sample the model described above, and the fit parameters
20, where tunneling out of the well is absent, ex- used. The same values of C (6xj0- 12cmn2/p5) and 7-

hibits no measurable'non-linearity over almost four (22ps) are used in both cases but a smaller hole time
orders of magnitude variation in the excitation den- is required in the higher density case. However, the
sity. This is consistent with the bimolecular exciton difference between the hole times only slightly ex-
formation model since competition with tunneling ceeds the maximum error in the fitting procedure.
is required for the non-linear dependence of the PL
on n, to be revealed. Figure 4 shows non-linear PL The higher excitation curve (Fig. 4a) shows the
curves from sample 4 (4nm barrier) at two different non-exponential shoulder region predicted by the
excitation densities, the best fit to the data using model for the T, > -, case (see Fig. 2). The value

of C is determined most accurately in this regime
because the fast decay is then given mainly by the
exciton formation process.

>_ 104 Figure 5 shows the results of the higher excitation

-measurement on sample 3. The initial rapid decay

" 103 in the full delay range measurement (Fig. 5a) is

0100 time resolution limited by the large electronic time
MJ "1 constant required on this extremely weak lumine-
o A 102 scence line. Fig. 5b shows a repeated measurement
Wi 0- '_over a shorter delay range which is not resolution
4 gradient 2 limited. The fit is the same as in Fig. 5a, showing

S10-2 good agreement using these fit parameters. Shorter
Z tunneling times (r, = 7ps and Th = 6 6 ps) are obtai-

100 ned, as expected for a thinner barrier, but the same

10
7  106 109 1010 l0l C value as for sample 4 has been used. The non-

EXCITATION DENSITY 1cm' 21 exponential shoulder near 60ps observed for sample

4 is now absent because 7, is now less than r,,. A si-

Figure 3.Integrated PL (arb. units) vs. n,, at 8K milar ratio of the electron and hole tunneling times

for: QW,, of sample 4 (circles), QW, of sample 4 is obtained for samples 3 and 4.

(dots) and QW, of sample 20 (crosses). The good agreement between experiment and
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model as a function of barrier thickness and n,, that at least the cooling of free holes (which remain
confirms that the non-linear PL originates from the from the first pulse) on a 50ps to 250ps timescale
competition between exciton formation and tunne- does not strongly affect the probability of exciton
ling, and demonstrates the bimolecular nature of formation.
exciton formation. It should be stressed that alt- Next, we comment on another possible mecha-
hough the quantitative values are obtained from a nism for exciton formation: that exciton formation
three parameter fit, the accuracy of the values re- could occur mainly geminately, i.e. between elec-
mains quite high since ri is relatively independent trons and holes created by the same excitation pho-
of the other parameters, and C and Te may be di- ton. We might expect this possibility if the Cou-
stinguished by varying nz. lomb correlation in the band between the photo-

created free electron-hole pair dominates over any
5 scattering processes which allow the electron and
4 hole to move apart. In the limit of only geminate
3 " exciton formation, no non-linear signal would be

" SAVE 3 generated in our samples because geminate forma-
2 - ,.17S10.,0' l tion is effectively a monomolecular process with a

I. ,(?2)ps

u-,:.,,,3,0, single characteristic time which is independent of
C ,t 31. 0________ excitation density. We therefore discount this pos-

05.0
q  sibility. We can also exclude the possibility of a

4.8 small geminate contribution to the exciton forma-
.

n
X 4tion rate because the square law variation obtai-

244 ned in Figure 3 is in agreement with that predicted
for pure bimolecular exciton formation in a tunne-

4.2 ling sample (geminate formation would generate a
linear dependence). Such a geminate contribution

0 10 20 30 40 should also become more significant as the excita-
DELAY Ipsi tion density is lowered since the bimolecular rate

becomes weaker, but no deviation from a gradient
Figure 5. PL cross-correlation signal vs. delay of two is observed over the entire rangc. We theie-
for QW,, of sample 3 at ne 2=l.75x1010cM- 2. Also fore conclude that in our experiment, for excitation
shown is the theoretical fit to the data. densities above 10crn- 2 , excitons are formed pu-

rely non-geminately. This is perhaps not surprising

Discussion since the carriers in this experiment are photoexci-
ted with large excess energy. Several LO-phonons
are immediately emitted and separation of the ge-

We have obtained a value for the bimolecular minate pair is likely to be a very efficient process.

exciton formation coefficient, C, in the range Similar arguments can also be used to justify the ex-

nez=6xl0 9cm - 2 to 2xl0'cmn- 2 for excitation at tension of our conclusions to samples without tun-
715nm. The exciton formation time, r , is neling. Geminate formation should in principle be

(14.4±2.0)ps at 2x]10°cM- 2 . This value of C is more favoured atiearly times before scattering al-
strictly only determined in the time between photo- lows the geminate pair to move apart. Therefore

excitation and electron tunneling, raising the que- the observation of a bimolecular mechanism at early
stion whether, in the absence of tunneling, the value times (20ps or less) strongly suggests that the same
of C would change at later times. For example, as mechanism also applies at later times in isolated

the carriers cool the probability of exciton forma- quantum wells, at least where the excess photon
tion could be altered. Note however that an expo- energy is sufficient to allow LO phonon emission.
nential decay of the non-linearity due to free hole Finally, we consider briefly the relative magni-
tunneling is observed in both sample 3 and 4 as pre- tude of the electron and hole tunneling times. The
dicted by a model that assumes C is constant and values of Te and rh differ by factors of 7.3 and 9.7
independent of carrier temperature. This suggests in samples 4 and 3, respectively. Such factors are
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Abstract tronic states in the tunneling process. For exam-
ple, in direct bandgap structures made from GaAs,

A form~lism is presented to study quantum trans- AlGa 1 _,As with x < 0.3, tunneling is adequately
felectrons in semiconductor het- described by simplistic formalisms such as the WKBprpro ertesTheio of method based on single band effective mass theory.

erostructures. The time evolution of multiband Tecnuto admnmmi tterpiti

electronic states is determined by numerically solv- The conduction band minimum is at the r point in

ing the time dependent Schroedinger equationin the both well and barrier materials, where the cell peri-

tight-binding representation. We have studied the odic part of the electron wavefunction is primarily

transport of an electron wavepacket injected from s-type. But this is not true for indirect barriers

Al.Gal-.As across r - r and F - X discontinuities (AlGai_=As with x > 0.4), since electrons in the

into GaAs. The gross transport properties of the r minimum of the well region are primarily s-type,
transmitted wavepacket are altered within a time while the barrier states have strong s-p rharacter.

scale of the order of 100 fs. We have also studied Tunneling prefactors have been observed to drop by

tunneling through direct and indirect AlGalxAs orders of magnitude when the barrier changes from

barriers, and find it reasonable to use WKB-type ex- direct to indirect [.
pressions to describe tunneling through direct bar- Tunneling properties are often deduced from

riers. But the problem is more complicated for in- the asymptotic behaviour of stationary scattering
direct barriers, where the character of the bandedge states, by examining the transmitted and reflected

states in the barrier is drastically different from that components of an incident plane wave. For instance,
in the well, and there is a strong suppression of tun- in the scalar case, we would seek solutions to the

neling. time independent Schroedinger equation with the
asymptotic boundary conditions:

e k x + Re- k, x -o
I Introduction T = k +0

Ia Tunneling This method can be extended to multiband wave-
functions [2, 3, 4]. Analytic solutions, however, can

Tunneling of electrons and holes through barriers be obtained only for heterostructures with simple
has been an area of intense research for decades, and potential profiles. For arbitrary potential profiles,
there is renewed interest in the subject due to re- or even with simple profiles under an applied elec-
cent advances in heterostructure technology. A par- tric field, one has to resort to numerical means of
ticular feature of tunneling which has drawn much solving for the stationary solutions. This difficulty is
attention recently is the role of the symmetry of the circumvented to some extent by the WVKB approxi-
basis states underlying the representation of elec- mation. But this approach is valid only for smoothly

229
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varying potentials, and introduces significant error across a discontinuity. U.,ually a one band effec-
when applied to heterostructures of narrow dimen- tive mass equation employed, with the implicitly as-
sions. Moreover, there is no straightforward way of sumption that the character of the Bloch function
extending the WKB expressions to multiband wave- is not significantly altered across different regions.
functions. This description is satisfactory in heterostructures

An alternative dynamic formulation of the tun- of _ 100 A dimension where effects of quantum con-
neling problem that we have chosen for our work finement are important, but where the character of
involves direct time domain study of the time evo- the band extrema are again unaltered. Such approx-
lution of localized wavepackets, an approach that imations do not hold in a number of ultrasmall elec-
is more suitable for studying tunneling and trans- tronic devices such as hot electron transistors and
port in localized heterostructure potentials in the tunneling transistors, and cannot describe transport
presence of applied electric fields. To study the dy- from direct to indirect materials across a heteroin-
namic problem of the time evolution of a wavepacket terface. To address quantum transport problems
4'(x, 0) in a time independent potential, we can con- in such structures we have employed the numerical
sider the formal solution in terms of the stationary solution of the time dependent Schroedinger equa-
states of the system [5]: tion in the tight-binding representation to study the

transport of an electron wavepacket launched from
V'(x, t) exp(-iHt/h) t(x,0) AlGai-._As into GaAs.

J dk a(k) e- iE(k)t( h uk(x)

where II Representation of Elec-
a(k) = (uk(x), (x, 0)) tronic States

However, we again face the problem of having to The envelope function approximation based on the
solve for a large number of stationary states first, multiband effective mass theory of Luttinger and
and subsequently evaluate the integrals involved in Kohn [7] has been applied extensively to study static
the above expression, For arbitrary potentials, this and dynamic properties of charge carriers in hetero-
is a cunbersome procedure. A different method, junctions and superlattices. In this description, the
which has been applied to the scalar Schroedinger electronic state is described by "envelope functions"
equation [61, is to expand the time evolution opera- obeying Schroedinger-like equations which explicitly
tor exp(-1ift/h) as a power series in t, and to trun- contain only the external perturbing potentials and
cate the series by proceeding in infinitesimal time not the underlying lattice potential. But this for-
steps. In this work we have extended this method malism is useful only if the materials comprising
to study the time evolution of multiband wavepack- the heterostructure are chemically similar. To de-
ets in heterostructures. rive feasible boundary conditions for the envelope

functions at an interface between two materials, the
lb Quantum Transport assumption is made that the zone center Bloch func-

tions do not vary appreciably between them [8, 91.
Theoretical techniques to study time dependent This assumption will breakdown, for example, if the
electron transport in heterostructures use several band extrema in the different materials lie at dif-
approximations. In Monte Carlo methods the elec- ferent points in the Brillouin zone. This situation
tron is described as a point particle whose trans- arises in the GaAs/AlGal_,As heterosystem with
port properties (such as effective mass, scattering an indirect AIGaAs barrier (X point minimum).
rates, etc.) change abruptly when it moves across In this work, we choose to describe elec-
a heterointerface. As the electron moves across a tron states in the conduction band in the tight-
boundary, the role of central cell symmetries (i.e., binding representation. The empirical tight-binding
F, X, L character) is suppressed. This description method [10] has proved useful in studying the elec-
is valil in heterostructures where electrons travel ; tronic properties of solids and has been applied to
1000 A in each region and where the character of study the real and complex band structure of bulk
the band extrema is unaltered across different re- materials, energy levels in superlattices, and elec-
gions. In quantum transport models based on ef- tronic states and transport properties at interfaces.
fective mass theory the electron wavepacket is as- These properties are derived implicitly through ma-
sumed to abruptly see different material properties trix elements dependent on the tight-binding pa-



Picosecond Electronics and Optoelectronics 231

rameters of materials comprising the heterostruc- We thus define a separate envelope function c, for
ture. Choosing the latter to yield the correct band each distinct orbital in LCAO basis [11]. The atomic
gaps and band curvatures at points of high sym- orbitals consuiLating our basis may be assumed to
metry in the bulk bandstructures of these materi- satisfy the orthonormality condition:
als ensures an accurate description of the electronic
state in the heterostructure. This implicit treatment f dr iZ(r - [Ri + r.]) ,(r - [R,, + r,,])
is particularly well suited to study electronic prop- = 5L,,/ ~,(3)
erties in the GaAs/AlGaI_,As system, since the
tight-binding parameters of Al.Gal-.As for vary- With the aid of this condition the probability of
ing Al content may be obtained from those of GaAs finding an electron within a region much larger than
and AlAs using the virtual crystal approximation, the dimension of the primitive cell is taken to be
and experimentally measured band discontinuities
built in by a right choice of the self-energy parame- P,(t) = j c,(RI + r , t) 12 (4)
ters. Moreover, since the complete bandstructure is
contained in the tight-binding description, one need where the summation is over those lattice sites con-
not be concerned specifically with the appearence tained in the said region.
of multiple band extrema or explicit boundary con- The in-plane periodicity of the heterostructure
ditions for the components of the electronic wave-function. ensures that coherent tunneling conserves the in-

The bulk tight-binding state may be expressed plane wavevector, and we need only construct states
nThe bmilkir state maywhich are eigenstates of the in-plane translation op-

in the familiar form:
erators:

V,.(k, r) = c.,.(k ),ik (R ,+ r,)

r) (r, t) = _y c,(m, t) : eiki'Rn(r - [R,, + r.1)

x 4(r - [Ri + rj) (1) M V n

where: where:

4',,(k, r) is the nth eigenstate of crystal at m is an index over lattice planes, r,
wavevector k being an arbitrarily chosen origin
indexes Bravais lattice sites of the in each plane

crystal n is an index over in-plane lattice

runs over the different orbitals in translations R,
the LCAO basis, (indexing mul-
tiple ions as well as multiple or- All the ions in a given lattice plane are identi-
bitals of the same ion in the prim- cal, and v identifies the different orbitals associated
itive cell) with these ions, as before. We are thus left with

r, is the relative position of center of one-dimensional envelope functions c,((m, t), one for

orbital v within the primitive cell each distinct orbital in the basis.

,(r - r,) are atomic-like orbitals In order to model the escape of electrons from

c,(k) are the bulk expansion coeffi- a quantum well through a barrier of finite width,

cients. the initial electron wavepacket is constructed as a
bound state in the well. Using the form (5) for V,,

We have employed an 8-band, sp3 basis set (4 cation we solve the Schroedinger equation:
and 4 anion orbitals) for the GaAs/AiGal_ As sys-
tem, retaining up to second nearest neighbour inter- H(r, 0) = EV,(r, 0) (6)

actions, although our approach can be extended to
any multiband Hamiltonian. This may be readily converted to a matrix equation

Since we are interested in studying dynamical by taking the scalar product of either side succes-
effects in heterostructures, we generalise the bulk sively with distinct orbitals on each plane. For the
tight-binding representation to construct time de- right hand side we obtain:

pendent states:
f dr t (r - [Rk + rn]) V,(r, 0)

= c(R+r ,t) (r-[R,+rj) (2) c,(p.0) (7)t' = ,(.OI~
l R

7
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where Rk is an in-plane lattice translation in plane The details of solving this equation by discretising
p. On the left hand side we have: the time interval of interest into infinitesimal steps

bt are given in Ref. [6]. For 6t sufficiently small, wc
J dr ;(r - [Rk + rp]) H 0(r, 0) = can approximate

EZ c"(m,0) E eiknR_ x exp(-iH6t/h) .t 1 - iH6t/h (14)

[ dr ,(r - (Rk + rpj)H ,(r - [R,. + r,]) (8) However, this approximation is not unitary, and
probability is not conserved. A better approxima-

The summation on the right is over those neigh- tion which is unitary and also second order accurate
bouring orbitals with which the orbital centered at in bt, is the Cayley form:
[Rk + rp] has nonzero matrix elements. The latter
are, in fact, exactly the known tight-binding param- exp(-iH6th) 1 (15)
eters of the bulk material. For parameters describ- I + iHt/2h

ing interactions at an interface, we have used the A numerically stable implicit form of the above
average value of the corresponding bulk parameters equation is:
of the two materials on either side of the interface.
The infinite set of equations obtained in this man- (1 + iH6t[2h)V,(r, t + 6t) = (1 - iH6t/2h)V,(r, t)
ner may be truncated using the boundary condition (16)
that the envelope functions vanish at sufficient dis- We have extended this procedure to the multi-
tances into barriers on either side. band tight-binding Hamiltonian. Using the tight-

We model electron transport across an interface binding wavefunction, and taking scalar product on
by studying the time evolution of the wavepacket both sides of above equation with e, (r-[RI+rp]), we

S A (obtain simultaneous equations at each time step for
0(r,0) = dk2 A(k 3 ) ¢,,(kr) (9) thecoefficientsc, (p,t+ bt). in terms of c, (p, t), and

the bulk tight-binding parameters. To reduce the re-
where A(k,) is an envelope function in k-space, sulting infinite set of equations to a finite number, it
peaked at wavevector ko. Such a wavepacket moves is necessary to maintain the boundary condition of
in the bulk material with the group velocity at ko: the wavefunction vanishing at the edges of the sim-

1 E,(ko) ulation region. It is therefore necessary to choose
Vg = h A, (10) a simulation region that is long enough not to in-

troduce spurious wave reflections during the initial

Thus tight-binding form of the above wavepacket is: time evolution.
Assuming that the tunneling escape of carriers

0(r, 0) = c(m, 0) e' V"  ,(r-[R,,+rm]) can be described by an exponential decay law, tun-
m M11) neling times r are obtained from the initial decay

where rate of probability in the starting well:

c",(mO0) = dk, A(k,) c,,,, (k) e ik -z-'  (12) P (O/A) (17)

The transport properties of electrons across the in-
terface is determined by studying the time evolution IV Results and Conclusion
of this wavepacket.

We examine the escape of the quasibound, ground
state electron wavepacket from an 56 A (30 mono-

III Time Evolution of Multi- layer) GaAs well through direct and indirect Al-
band Wavepackets GaAs barriers (Al0. 3Gao.7As barrier for the direct

case, and Alo.6Gao.4 As barrier for the indirect case).

For a scalar Schroedinger equation, the time evolu- The on-site tight-binding parameters adjusted to

tion of a wavepacket in a time-independent potential give a F-F conduction band discontinuity of 0.25 eV

is known to be: for the direct barrier, and 0.5 eV for the indirect
barrier, yielding 0.23 eV F - X separation in the

V,(r, t) = e-'t 1/ ,(r, 0) (13) indirect barrier. The character of the cell periodic
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part of the Bloch function is found to be critical 5
in the tunneling process. The wavepacket emerges * Ours

rapidly through the direct barrier, but much more 4 . WK9
slowly through an indirect barrier of the same width
even though the X barrier height of 0.23 eV is nearly - - - - - h- . _
equal to the direct barrier height. The process con-E 3
sidered here is quite similar to nuclear alpha decay, E

and we can obtain an estimate for r based on single- O 2
band effective mass theory and the WKB approxi-
mation [51, as r = (vT) - , where v is the frequency
of electroh collisions with the barrier, and T the - 1
transmission coefficient through the barrier. We use
the expressions 0(a

1 \/E 1

v L 2m-w (18)

150
and 0 Ours

T = exp - jdz V2MbI(Vb - El - Fz) (19) 120 A WKS
ha

where mIJ(mb) is the longitudinal effective mass in 0
the well (barrier), L,,(Lb) is the width of the well E
(barrier), Vb the barrier height and El the energy of
longitudinal motion in the well, .) 60

A2  a~
= h (k2+ (20) C

2m t YC 30

with E being the energy of the quasibound state )
measured with respect to the bottom of the con-0
duction band in bulk GaAs, and mwt the transverse 0 10 20 30 40 50
effective mass. Elecric Field (kV/cm)

The tunneling time obtained from our model is
compared with the WKB estimate based on the F
barrier minimum, for varying electric field strengths Figure 1: Tunneling time dependence on electric

and barrier thicknesses in Fig. 1 and Fig. 2, respec- field for tunneling from a ; 100 meV quasibound

tively. We see good agreement between the WKB ground state of a 56 A GaAs well through 42 A
estimate and our more complete model for direct barriers of (a) Al0. 3 Gao.As, and (b) Al0.6Ga 0.4As.
barriers. Single band effective mass theory works
well for this case since the conduction band mini- steady value after 60 fsec. This steady value is ex-
mum is at F in both well and barrier, and nature of actly the group velocity in GaAs as obtained from
Bloch functions in the two regions are compatible. the bandstructure using Eqn. (10), at a value of k,
But neither the F nor the X barrier heights pro- at which the bulk conduction band energy is equal
vides an acceptable WKB fit for the indirect bar- to the mean energy of the incident wavepacket,
rier. Tunneling in indirect barrier is also strongly both measured with respect to a common reference.
suppressed as compared to an identical direct bar- The mean energy of the incident wavepacket was
rier. The dependence of indirect barrier tunneling 103 meV from the r-point in Alo.3Gao.7 As). Sim-
on electric field and barrier thickness suggests that ilarly, Fig. 4 depicts the transient velocity of an
it is primarily the F-point states in the barrier con- X-valley electron launched from AlO.6Gao.4As into
tributing to the tunneling process. GaAs. The mean energy of the initial wavepacket

Figure 3 depicts the transient velocity of was 105 meV with respect to the X-minimum of
a F-electron wavepacket as it is launched from Alo.6Gao.4As. The transient time is found to be
AIo.3Gao.7 As into GaAs. The velocity of the trans- 150 fsec in this case. Thus electron transport be-
initted wavepacket (velocity of its peak) attains a comes bulk-like in ; 100 fsec for both cases.
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Strained-Layers for Electronics and
Optoelectronics

David R. Myers

Division 1141, Sandia National Laboratories,
Albuquerque, New Mexico 87185-5800

Abstract In Fig. 1 we illustrate these mechanisms: dislocation
generation at the heteroepitaxial interface [1, 21;

The strain associated with intentionally lattice- coherent epitaxy [3] (accommodation of the lattice
mismatched (strained-layer) heteroepitaxy provides a mismatch by distortion of the epitaxial layer): metastable
novel method for tailoring material band structure to epitaxy [4] (distortion of the epitaxial layer with only a
enhance device performance through optimization of fraction of the strain energy in excess of that allowed by
material structure. The applications of strained-layer equilibrium thermodynamics being relieved by
epitaxy to heterojunction transistors and semiconductor dislocations); bending of the epitaxial layer [5]; and tilt
lasers are presented. of the lattices with respect to each other [6]. However,

not all of these mechanisms are compatible with device
optimization. It was the critical insight of Obsourn [7]
in 1983 that the strain associated with strained-layer,
coherent epitaxy could be exploited to tailor material
band structures, and thus provide an extra degree of

Progress in heterojunction lasers transistors began in freedom to optimize device performance in dislocation-
the (essentially) lattice-matched (AI,Ga)As/ GaAs free structures.
compound semiconductor system -- that is, in a system
in which the materials in their bulk crystalline form have Strained-Layer Stability Limits
lattice constants that are identical to - 0.3%.
Unfortunately, nature provides relatively few lattice- The stability of lattice-mismatched epitaxial layers is
matched compound-semiconductor systems: determined by the competition between the energy
(AI,Ga)As/GaAs, (In,Ga)As/InP, (In,AI)As/InP, required to distort epitaxial layers vs. the energy
(In,Ga)AsP/InP, and HgTe/CdTe. To expand the required to nucleate the dislocations that would relieve
number of heterojunction systems that can be exploited the lattice strain. This simple concept still causes
to fabricate advanced electronic and optoelectronic considerable confusion, mainly because strained-layer
devices, substantial effort has recently been devoted to growth occurs under non-equilibrium (kinetically
understanding the heteroepitaxy of materials which controlled) conditions. Thus, the material that emerges
differ in the lattice spacings of their bulk crystals. As a from the growth system can exceed the limits set by
result, this field of lattice-mismatched, or strained-layer, equilibrium thermodynamics by as much as an order of
heteroepitaxy has produced a dramatic increase in our magnitude. As has been described in recent reviews
understanding of the mechanisms for the [1,81, the ultimate stability of a lattice-mismatched
accommodation of lattice mismatch, strain-tailoring of epitaxial layer can best be determined by a post-growth
material band structures, and the stability of strained- treatment (implantation and/or annealing at elevated
layer structures. temperatures) that provides sufficient energy to the

materials to drive a potentially metastable system over
Five major mechanisms that allow the accommodation any kinetic barriers that separate its equilibrium
of lattice mismatch have been experimentally observed, configuration from its metastable configuration.

236
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FIVE WAYS TO ACCOMODATE
LATTICE MISMATCH

DISLOCATIONS COHERENT METASTABLE
EPITAXY EPITAXY

BENDING TILT

Figure 1. Schematic illustration of the five major ways to accommodate lattice mismatch in heteroepitaxy.
these mechanisms have been experimentally observed (refer to text).

Confusion also arises regarding the appropriate strained-layers themselves satisfied the typically less
equations to apply in calculating the critical thicknesses demanding double-kink strain-relief stability criterion.
(thermodynamic stability limit). Mattl-ews and For structures with multiple strained layers, this process
Blakeslee, in their pioneering early work [9], needs to be repeated to examine the stability of each of
determined equations appropriate for two limiting cases: the strained layers independently [8]. It is only the
either a single, strained, surface epitaxial layer (single- limiting case of the double-kink stability criteria that
kink strain relief [81), or a strained layer in an infinitely determines thermodynamic stability through only 1=
repeating superlattice (the double-kink strain relief [8]). parameters: the lattice mismatch and layer thickness.
Although well described, these limiting conditions are The more commonly encountered single-kink stability
rarely seen in device applications. Instead, most limit requires knowledge of lbr parameters: the lattice
devices contain strained layers of finite thickness mismatch, the strained-layer thickness, and the
usually capped with unstrained surface layers, also of thickness of the unstrained surface overlayer.
finite thicknesses. These more commonly encountered
structures were examined by Tsao and Dodson [101,
who discovered that the stability of such strained As an example, strained epitaxial layers used in most
heteroepitaxial layers against the single-kink strain-relief device applications exploit lattice mismatch of - 1%.
mechanism could be accurately predicted by evaluating Such mismatch would be found for an epitaxial layer of
an equivalent average surface strain to use with the ln0.l4Ga0.86As strained to match the in-plane lattice
Matthews and Blakeslee equation for a surface strained spacing of a GaAs substrate, or for an epitaxial layer of
layer. The equivalcat average surface strain is obtained SiO.76GeO.24 strained to match the in-plane lattice
by summing the strain-thickness product for each of the spacing of a Si substrate. The maximum thickness of
surface layers and dividing by the total epitaxial layer such strained layers, as set by the double-kink stability
thickness. This Tsao-Dodson procedure determines the limit is 23 nm. If such layers are at the free surface of
stability limits for most device structures, as long as the the device structure, their maximum thicknesses for
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thermodynamic stability is approximately 12 nm. As [71, and includes empirically derived materials
unstrained surface material is grown above our example parameters. Similar treatments have already been
strained layer of 1% mismatch, the critical thickness as described by other workers [13-151.
set by the more-demanding single-kink limit increases
monotonically from the 12 nm limit to the 23 nm limit. The direct bandgap III-V semiconductors of interest

have the valence-band maxima and the conduction-band
Thermodynamic stability limits become important gnb minimum at the center of the Brillouin (the r point).
when device fabrication or device operation exposes the These bands consist of a conduction band of symmetry
structure to sufficient energy to drive the material from
its metastable configuration. For example, many 1-6 with a two-fold degeneracy, a four-fold degenerate
devices, such as heterojunction field-effect transistors valence band of symmetry F8, and a two-fold
[ 11], can be fabricated from strained layers that exceed
thermodynamic stability limits (i.e., metastable degenerate valence band (the split-off band) of
materials) without degrading material quality or device symmetry 17, which is separated in energy from the r8
performance. The materials properties of these valence bands due to the spin-orbit interaction. As
metastable devices are n= degraded during fabrication summarized by Bastard [161, it is most convenient to
precisely because they require only low-temperature use a basis in which the total angular momentum J = L
processing, such as etching and alloying of ohmic + a and its projection along the z axis are diagonal, due
contacts. The kinetic barrier that separates metastable to the non-zero spin-orbit interaction. This results in
materials from their strain-relieved state are substantial.
To nucleate strain-relieving dislocations, one must the 1-6 conduction band having IJ,mj> components
break atomic bonds, at the cost of eV/atom. Such 11/2,1/2>; the degenerate [78 valence band being
energies are not encountered during normal device characterized by one 13/2,3/2> band and one 13/2,1/2>
operation, and thus allow metastable devices to remain
in their metastable, as-grown configurations band, and the split-off band F7 being characterized by
indefinitely. In contrast, processes that require thermal 11/2,1/2>.
annealing at temperatures above the epitaxial growth
temperature, such as implant activation anneals, The effects of biaxial compression on <001>-oriented
intentional compositional disordering of quantum-well strained layers can be readily understood by following
structures, or thermal oxidation of SiGe surface layers, the process schematically illustrated in Fig. 2. A biaxial
provide sufficient amounts of external energy to the strain is identically equal to a hydrostatic compression
strained-layer system to drive metastable materials into plus an opposing uniaxial strain. The hydrostatic
their equilibrium (dislocated) configuration. If component does not alter the symmetry of the original
processes requiring elevated-temperature annealing crystal; thus, its effect is to change the relative positions
and/or high-fluence ion bombardment are required, of the conduction and valence bands. The hydrostatic
materials that satisfy the thermodynamic stability limits component does not split degenerate energy levels.
must be used in the device structure. Unfortunately, empirical deformation potentials can

only be obtained for the shift of the band gap with
Strain Effects on III-V Semiconductor Band pressure, and not for the conduction bands and valence
structures bands individually. Good fit to experiments have been
As previously described, mismatch of = 1% can be obtained [12] in the absence of direct results by
tolerated by layers whose thicknesses are on the order applying the theory of van de Walle [ 171 to estimate the
of 10 to 30 nm - the range over which quantum size pressure-induced shift of each of the conduction or
effects become important in determining energy levels valence bands. In contrast to the hydrostatic
of the strained layers. Quantum size effects for strained component, the uniaxial strain component lowers the
structures have been demonstrated to have important symmetry of the crystal from that of unstrained bulk
device advantages for direct-bandgap III-V material; thus, it splits degenerate energy levels and
semiconductors, and thus will form the basis for the further repositions the energy bands of the strained
following discussion, material.

Good successes in predicting the electronic structure Correct treatment of the bandgap for biaxially strained
and optical properties of strained quantum wells has material requires consideration of the coupling between
been obtained by applying a two-band envelope- the 13/2,1/2> valence band and the 11/2,1/2> split-off
function model, as has been recently demonstrated by band. Convenient formulas that include the coupling to
Fritz, et al. [12J. This model includes the effects of the split-off band are provided by Ji, et al. [141.
strain through deformation-potential and elasticity Inclusion of this coupling is particularly important for
theory, including coupling to the split-off valence band. material under biaxial tension and/or with type 11
ThL miodel is an extension of Obsourn's original theory (spatially indirect) offsets.
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The Effect of Biaxial Compression on IIl-V
Semiconductor Band StructuresSince:

Biaxial Compression Hydrostatic Compression Uniaxial Strain

+

Elk) IJImj>:

13/2,1/2>

7 n "11/2,1/2> - '

/ 1 1Hydrostatic
Unstrained Material Compression Uniaxial Component

Increases Energy Gap Splits Degenerate Energy
Levels

Fig. 2. Illustration of the effects of biaxial compression on the band structure of direct-gap 111-V
semiconductors. Because the biaxial compression is identically equivalent to a hydrostatic
compression with an opposing uniaxial strain, one can intuitively understand the shifts in the band
positions. The bands are labeled both by their symmetry reF-esentation and also by their total spin
components IJ,mj>. Shifts produced by biaxial tension would be opposite those produced by
biaxial compression.

The correct band states form the basis for the calculation effective mass along directions parallel to the quantum
of the quantum-confined states using the envelope- well [19]. This reduced hole mass is of interest for
function method (e.g., [12,13,16]). Remarkably, this improving p-channel heterojunction transistors and
approach has proven effective even for the calculation semiconductor lasers, as is described below. In
of quantum-well states that are perturbed by a single contrast, the effect of the strain on electron masses is
strained monolayer [18]. To conclude our discussion, substantially smaller [191.
the identical equations apply to the calculation of shifts
produced by biaxial tension; however, since the sign of When strained layers are grown on surfaces that differ
the strain is changed, the shifts from biaxial tension are from the <001> orientation, an additional effect arises
opposite those produced by biaxial compression. because the I-v semiconductors are piezoelectric. The

strain distortion of the layers induces electric fields in
Experimental results demonstrate that a direct benefit for these materials; from crystalline symmetry, these
a strained layer under biaxial compression is that the piezoelectric fields cancel only for <001>-oriented
strain-split 13/2,1/2> valence band features a reduced strains. For other crystalline orientations the
density of states in the plane normal to the growth piezoelectric contribution is nonzero, and is maximized
direction (although the same deformations lead to a for <111>-oriented layers. The piezoelectrically
greater density of states for the 13/2,1/2> along the induced fields for alternative (non-<001>)
growth direction). Because the effective mass is related crystallographic orientations lead to interesting
to the density of states per unit energy, the strained possibilities for optical modulators, etc. [201
layer under biaxial compression sees a lower transport
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Device A nlications 50% compared to those of unstrained alternatives in
similar geometries. The reduced valence-band density

The major benefits for heterojunction device of states also improves modulation performance [28].
performance from strained-layer epitaxy are the Preliminary studies also suggest that strained-quantum
flexibility in composition made possible by the use of well lasers are less prone to catastrophic degradation
lattice-mismatched alloys, splitting of degenerate from dark line defects, perhaps related to strain effects
valence bands, and the use of strain as well as on dislocation propagation.
composition to tailor bandgaps. These advantages of
strained-layer epitaxy are demonstrated by Summary
heterojunction-field-effect transistors (FETs) and
semiconductor lasers. This paper has considered the limits over which lattice-

mismatched (strained-layer) heteroepitaxy can be
The initial application of strained-layer epitaxy to applied to fabricate electronic and optoelectronic
heterojunction transistors was motivated by a desire to devices, and has described the conditions under which
replace the GaAs channel in n-channel, MOdulation- such concerns matter. Improvements in device
Doped Field-Effect Transistors (MODFETs) with a performance brought about by strained-layer epitaxy
strained-layer (In,Ga)As channel [211. In these have been presented in terms of the effects of strain on
devices, the compositional flexibility of strained layer III-V compound-semiconductor bandstructure.
epitaxy allowed the use of a deeper quantum well of
(In,Ga)As to replace the wider bandgap GaAs channels.
Thus, the same degree of quantum confinement in these
MODFETs could be obtained by an (In,Ga)As channel Acknowledgments
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Abstract Under proper growth and annealing conditions, we have
found that the excess arsenic in LT GaAs will coalesce into

Using GaAs epilayers with arsenic precipitates (GaAs:As) as arsenic precipitates (GaAs:As) about 6 nm in diameter with
the photoconductive material in a broad-band optoelectronic an average spacing of about 20 nm [ 1]. Since there is is some
terallz beam system, we have generated and detected freely- debate as to the microscopic nature of GaAs grown at low
propagating, subpsec electromagnetic pulses. The As precip- temperatures, especially regarding the distribution of excess
itates occur as a result of epi-growth at 250 C followed by a As in the films, we will describe the preparation of samples
600 C. anneal, yielding a high-quality, epitaxial matrix essen- used in this work. The epilayers used here were grown in a
tially free of point defect,,. Varian GEN II MBE system on two-inch diameter, liquid-

Using GaAs epilayers with arsenic precipitates (GaAs:As) encapsulated-Czochralski (100) GaAs substrate. The epitaxial
[I] as the photoconductive material in a complete, broad- layers consisted of 0.75 pm of normal GaAs buffer (grown at
band optoelectronic teral lz beam system[2], we have gener- 600C) followed by a temperature ramp down to 250C over the
ated and detected freely-propagating, subpsec electromagnetic next 0.25 pm of growth, and 1.0 pm of LT GaAs grown at
pulses. Our results indicate that the photoconductive re- 250C. The substrate temperature was then ramped back to
sponse of the GaAs:As consists of an ultrafast, subpsec turn 600'C during the growth of the next 500A of GaAs, and the
on time followed by a turn off time of several picoseconds. structure was capped with an additional 100A of undoped
Both the transmitter's and receiver's performances are domi- GaAs. This growth was followed by an in-situ anneal for one
nated by the leading edge (turn on time), with the receiver hour at 600°C. The arsenic source used throughout the epi-
working effectively in an "integrating mode.' The ultrafast growth and post-annealing steps was the dymer As2, although
turn on is indistinguishable from that of epi-GaAs and indi- we have found that using an As4 source will also produce
cates a GaAs matrix that is essentially free of point defects. arsenic precipitates. Transmission electron microscopy has
The short "effective- carrier lifetime of several psec is consist- confirmed the existence of these precipitates (roughly 6 nm
ent with capture by the embedded, closcly-sp ced (about 20 average diameter) in samples grown by this procedure.
nm) arsenic precipitates. This behavior is contrasted with that In this study, we compare the photoconductive responses
of materials containing a uniform distribution of recombina- of GaAs:As, SOS and normal GaAs by pairing various com-
tion centers, such as implanted silicon-on-sapphire or un- binations of devices made with each material as transmitter
annealed, low-temperatute GaAs. and receiver in a complete measurement system. The

The prototypical subpicosecond material, namely im- photoconductive response of SOS is known to be a pulse with
planted silicon-on-sapphire (SOS), achieves short carrier life- FWIIM of 0.6 psec, and having a fast rise time of roughly 200
times via high defect densities, with the best results indicating fsec and an exponential decay with a time constant of 600 fsec.
a full photoconductive response pulse of about 0.6 psec full- Normal GaAs also has an extremely fast rise time of approx-
width-halt-maximum (FWiiM). GaAs grown by MB- at imately 200 fsec, but followed by a long fall time of the order
200-250-C (I T GaAs) is characteristically arsenic rich and of 100 psec - this permits its use as a transmitter where the
also contains a high density of point defects. When used as resulting electromagnetic pulse is generated by the leading
the photoconductive material in a transmission line, electrical edge (derivative), but precludes its use as a receiver material.
pulse launcher' [3], it produced an electrical pulse width of The noise in the full receiver circuit is proportional to the
1.6 ps and a large improvement in signal amplitude over 'ON* time of the photoconductive switch, and for GaAs' on
SOS-Aased structures. From these early results, a carrier mo- time extended response, the signal-to-noise ratio is prohibi-
bility of 200cm 2/volt-sec was inferred for this type of GaAs. tive. The devices used in this work are identical to those in
More recently, electrical pulses as short as 0.6 psec have been Ref. 2, with the substitution of GaAs:As (with Au:Ge:Ni
generated on coplanar transmission lines with this material contacts and antennae) for the implanted SOS. The patterned
[4]. photoconductive gaps and transmission lines had spacings of
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5 and 30 microns, respectively. The transmitter is biased at 9 leading edge of the GaAs As response is indistinguishable
volts and driven with 70 fsec optical pulses with a 100 Mllz from that of GaAs. The fact that the GaAs and GaAs:As
repetition rate and coming from a colliding-pulse, mode- transmitters gave the same signals is indicative of the high
locked dye laser to generate the terahertz pulse radiation. This quality of the GaAs matrix in the low temperature material
radiation is then focused on the receiver antenna which is be- and lack of mobility degradation. Second, while exact num-
ing gated by identical, but time-delayed, photoexcitation bers are unclear, it is certain that the signal strength for the
pulses. GaAs:As is several times larger than for SOS for both the

We find that the GaAs:As photoconductive response is transmitter and receiver sides, resulting in the above factor of
intermediate to these two, namely an ultrafast subpsec 5 between the all-GaAs:As and all-SOS transceiver configura-
risetime followed by a relatively slow decay of several psec. tions. Third, an indirect pulsewidth comparison was made
When operated as a transmitter, the leading edge gives rise to by using a GaAs:As transmitter with both receivers (GaAs:As
a strong electromagnetic pulse. Used as a receiver, the and SOS), and differentiating the GaAs:As receiver results.
temporal overlap between the incident terallz pulse which The resultant pulseshapes yielded minimum-maximum differ-
biases the gap of the receiver antenna and the step-function ences of 0.58 psec for the GaAs:As receiver and 0.65 psec for
photoconductive response uf the receiver results in a transfer the SOS. lastly, by comparing noise levels in the GaAs:As
of charge (current) across the photoconductive gap propor- and SOS receivers, we estimate that the photoexcitation decay
tional to the negative integral of the electric field of the in- in the GaAs:As is on the order of 2 psec. Tlhis is long enough
coming subpsec electromagnetic pulse. A measured pulse to enable an integrating mode of operation, but short enough
using GaAs:As as both the transmitter and receiver material, that signal-to-noise ratio is not an adverse factor. In addition,
is shown in Fig. la, while its amplitude spectrum is given in this time constant is consistent with mediation by sparse As
Fig. lb. The FWIIM of the integral pulse is found to be 0.71 clusters rather than a high density of bulk defects (as in SOS).
psec, which can be compared to 0.54 psec for sampling mode Due to system configuration differences, it is difficult to
measurements using ion-implanted SOS in the same TIz make a direct comparison with other IX GaAs work. Our
beam system [2]. An important difference, however, is that pulse measurements and corroborating DI:TS measurements
the measured peak signal (current) in Fig. I is more than 5 indicate that the quality of the GaAs matrix in GaAs:As ap-
times larger than that obtained from the all-SOS system. The proaches that of intrinsic GaAs. And while the amplitude
comparison of different photoconductive materials leads to spectrum of the measured pulse is less than that for the SOS
the following interesting results. First, it is found that the sampling detection using either an SOS transmitter or a GaAs
substitution of intrinsic GaAs for the GaAs:As transmitter transmitter[5], this is expected for an integral measurement
produces essentially no differences in the measured signal with mode. When a numerical derivative is performed on the
either the SOS or GaAs:As receiver. This confirms that the measured integral pulse of Fig. ia, the spectral extent of the

12 derivative is comparable to these previous systems.
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Abstract Experimental

We have applied time-resolved absorption spectroscopy The samples consisted of nominally 1 gtm LT GaAs,
to study the near-band-edge carrier dynamics of low- sandwiched between a 2.4-gm A1Q.39Gao.6 1As etch-
temperature-MBE-grown GaAs, in order to directly stop and support layer and a 100-A GaAs cap layer.
observe the carrier relaxation and lifetime for this The LT layers were grown at nominal temperature from
material. 180 to 210 OC for a fixed arsenic pressure of 8 x 10-6

Introduction Torr, and for arsenic pressures of 4 x 10-6 to 1.5 x 10 5

Torr for a fixed temperature of 200 oC. The etch stop

MBE growth of GaAs is normally performed at a and cap layers were grown at normal (600 °C)

substrate temperature around 600 oC. It has recently temperature. The sample was annealed for 10 min. at

become apparent, however, that GaAs grown at lower 600 °C after growth. The substrate was removed by a
temperatures (LT GaAs) has some very interesting and selective etch to allow optical absorption spectroscopy
useful properties. The material was first grown as a on the LT GaAs layer.
buffer layer to eliminate backgating in GaAs Femtosecond continuum pump-probe
MESFET's, taking advantage of the high resistivity of techniques were used for the experiments. The laser
this material [1]. Subsequently the LT GaAs was system was similar to that described in refs. 5 and 6. It
investigated as a photoconductive detector, where a produced amplified 100-fs, 10-p.J pulses at 2 kHz,
response recovery of as short as 600 fs was observed which were used to generate a white light continuum in
[2]. The high breakdown field of this material makes it an 0.5-mm ethylene glycol jet. A 10-nm wide portion
extremely promising for high-speed photoconductive of the continuum spectrum centered at 830 nm was
switching of high fields [31. The promise of this selected and amplified to pump the sample. The
material for fast photoconductive devices has motivated injected carrier density was estimated to be 1017 cm "3 .
a study of the carrier dynamics in LT GaAs. Gupta et The probe consisted of the 760-880 nm portion of the
al. [41 have investigated the time-resolved reflectivity of continuum. Prisms were used to compensate for the
LT GaAs in an attempt to determine the carrier lifetime, dispersion in the continuum pulse so that the entire
Their sample was excited and probed high in the probe spectrum arrived at the sample simultaneously
conduction band (at 620 nm), however, so interpretation (i.e. within 100 fs). Differential transmission (DTS)
of the result as the carrier lifetime is not entirely were accumulated on an OMA, where
straightforward. It is much more straightforward to
interpret absorption spectra in terms of the carrier DTS = AT - TumP on) - T(pump off)
distribution functions, so we have performed transient T T(pu mp of
absorption spectroscopy of the band-edge region of LT = a d- (fe + fh)
GaAs to determine directly both the carrier relaxation
and lifetime.
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a0 L is the unperturbed absorption spectrum and fe,h are The carrier lifetime was determined by
the carrier distribution functions. The experiments were monitoring the amplitude of the differential
performed at room temperature. transmission at the band edge (i.e. 860 nm). A typical

decay curve is shown in Fig. 2. The decay curves were
Results fitted using least-squares to a biexponential decay. This

biexponential behavior is consistent with previous
A typical time-resolved DTS for probe delays of -100 fs reflectivity and photoconductivity measurements by
to +400 fs is shown in Fig. 1. It is interesting to note other groups [2,4], though the precise lifetimes are
that the band edge is at 860 nm (1.442 eV), which is somewhat different due in all likelihood to differences in
slightly blue-shifted from the normal GaAs band edge the exact growth conditions for the different samples.
(1.42 eV). We interpret this shift as being due to strain These absorption measurements have the advantage that
in the sample arising from the fact that excess arsenic is the intraband relaxation dynamics and carrier lifetime
incorporated into the LT layer during growth effects are clearly resolved. Typically the fast

component was around 300 fs and the slow component
was around 1.5 ps for this set of samples.

0.252.5

2

0.2
I: 1

0.15 40 fs

0.5

30
- 0.1 20________________

0 m 2 3 4 5 6

10 time (ps)
0.05 Figure 2. Decay of the absorption saturation at 860

0 nm. The dashed line is a fitted biexponential decay.

0 - A simple picture of the mechanism responsible
for the high resistivity and fast carrier lifetime in this
material has been proposed [9]. It has been shown that

-0.05 A . I AM6,0 I'I I1: 4 -I -ithe effect of lowering the growth temperature is to
incorporate excess arsenic into the GaAs crystal [7].

760 760 800 820 840 860 880 900 Upon annealing, the excess arsenic forms precipitates
probe waveler.gth (nm) which act as "buried" Schottky barriers which can

capture the photoinjected electrons and holes. The
density of these precipitates is about 1017 cm "3 , as

Figure !. Time-resolved differential absorption spectra determined by TEM. Thus a rough estimate of the
near the band edge. The pump pulse is centered at 830 capture cross section of the precipitates may then be
nm. made from a=l/Ntv, where N is the density, r is the

lifetime, and v is the thermal velocity. This yields a

cross section of about 10-12 cm- 2 , which corresponds
around 200 °C [7]. The initial hole burning at the rather closely to the precipitate cross-sectional area.
pump wavelength due to preferential state filling and the An alternative picture, in which antisite defects
fast relaxation to the band edge are clearly apparent, as (AsGa) that remain in the crystal even after annealing
in similar experiments on normally grown GaAs [8). are responsible for the fast lifetime, has also been
An additional feature of interest is the appearance of a considered [10]. If we take a capture cross section
peak below the pump energy at t = +100 fs which is
due to LO-phonon emission from the initial typical for a deep level, b--10-13 cm-2 , then our
nonequilibrium electron distribution. This phonon peak experimental lifetimes could be explained by a defect
is generally not clearly visible in spectra of normally- density of about 1018 cm- 3 . This density is not
grown GaAs. The increased appearance of this peak in inconsistent with EPR measurements of the defect
the LT material is likely due to the ultrafast carrier density in annealed LT GaAs [7], which have a
lifetime. Carrier thermalization has occurred in about sensitivity limit of 1018 cm - 3 . DLTS measurements,
300 fs. however, have been performed on doped samples grown
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and annealed under very similar conditions to those for
our (undoped) samples [11]. These measurements show 2.5 .... ,.., .... I .... ,I....
no observable EL2-like defects at the experimental
resolution limit (1014 cm' 3 ). Hole traps may exist at a 2 a
density of up to 1016 cm- 3 . The low defect density as
determined by DLTS indicates that our results are more 1.5
consistent with a picture where arsenic precipitates
capture both the electrons and holes. Further work,
however, i necessay to confirm the precise mechanism - 1
responsible for the fast lifetime.

In this model, the shorter carrier lifetimes (as 0.5
required for many opoelectionic applications) will occur
for higher excess arsenic incorporation into the GaAs. 0 "'.._.._....",.....
When the excess arsenic composition becomes too
high, however, the GaAs becomes polycrystalline. 175 180 185 190 195 200 205 210 215
Thus the optimal range of MBE parameters yielding fast
optical response and good crystal quality is quite Figure 3. Fast (closed circles) and slow (open squares)
narrow. Our experiments were intended to probe the components of the band edge decay curves for samples
optical response for a series of samples grown near the grown at an arsenic pressure of 8 x 10-6 Torr, as a
expected optimal parameters. TEM analysis of our function of substrate temperature.
samples showed in fact that only two samples were
completely crystalline: one grown at temperature T=210
and arsenic pressure P=4 x 10-6, and the other at T=200
and P=8 x 10-6 . The other samples showed that the LT 3
layer became polycrystalline after several hundred nm
growth. As expected, the precipitate density and size 2.5
increased with decreasing growth temperature, and
increased with increasing arsenic pressure. The crystal 2 a
properties as a function of growth conditions are shown
in Table 1. r 1.5

The carrier lifetimes (i.e. the fast and slow 0
components of the biexponential fit to the band-edge 1
absorption decay) are shown in Fig. 3 as a function of 0
growth temperature, and in Fig. 4 as a function of 0.5
arsenic pressure. All of the samples show a 0
subpicosecond initial decay, and a "slow" component of 0
around a picosecond. As expected, the decay becomes 2 4 6 8 10 12 1 16 18
somewhat faster for lower growth temperature (though arsenic pres
the dependence is rather weak over the temperatue range
studied here). Surprisingly, however, the lifetime Figure 4. Fast (closed circles) and slow (open squares)
increased slightly with decreasing arsenic pressure, components of the band-edge decay curves for samples

grown at 200 OC as a function of arsenic pressure.

S P (Tarr) thicknes dieL despite evidence of increasing excess arsenic with
increasing pressure. Nevertheless, it is interesting to

180 8 x 10-6 320 nm 4-55 nm note that two of the samples demonstrate at least that it
190 8 x 10-6 320 nm so is possible to obtain both fast optical response and good
200 8 x 10-6 490 nm 25 crystalline quality. The optimal range of MBE

parameters over which both fast response and good210 8 x 10-6 all (1pm) 5 crystallinity may be obtained is evidently quite narrow.
200 4 x 10-6 all (l1tm) 5 In conclusion, the time-resolved absorption
200 1.5 x 10- 5  415 nm 25 spectrum of LT-grown GaAs pumped near the band edge

shows a fast (subpicosecond) response for a series of
Table 1. Thickness of the crystalline part of the LT samples grown near 200 °C. We have observed two
GaAs layer and arsenic pmcipitate diameter as a function samples which yield both fast optical response and good
of substrate temperature and arsenic pressure, as crystalline quality. Extensions of this work will
determined by TEM. include probing the time-dependent distribution
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functions that occur in the presence of a very high 4. S. Gupta, J. Pamulapati, J. Chwalek, P.K.
electric field, in order to elucidate the actual carrier Bhattacharya, and G. Mourou, in Ultafat
dynamics occurring during photoconductive switching. PenomenaVIIed. by C.B. Harris, E.P. Ippen,

G.A. Mourou, and A.H. Zewail, Springer, 1990, p.
297.
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Abstract number of approaches [3,4] have been tried to re-
duce carrier lifetime and achieve a higher bandwidth

Oxygen ion and proton implanted GaAs photocon- - sensitivity product. Radiation damaged material
ductive (PC) switches which can be used for on- is commonly used but a major drawback for this
wafer characterization of GaAs MMIC's have been approach is the poor sensitivity due to reduced mo-
evaluated. The Oxygen switch performed better in bility and reduced number of carriers reaching the
terms of switch sensitivity and bandwidth. It has contacts. An 0+ implanted switch [5,6] has been
been used to measure the S-parameter of a 3 stage developed to improve carrier mobility. This pro-
12 GHz MMIC amplifier. A good agreement be- cess is compatible with TRW's MMIC fabrication
tween the PC sampling technique and the network process. We characterized the 0+ implanted GaAs
analyzer was achieved up to a 40 db dynamic range. switch and make a comparison with H+ implanted

GaAs switch. We also achieve a good agreement
Introduction with network analyzer's S21 measurement up to a

40 db dynamic range.

On-wafer characterization of MMIC's performed by Experiment
optoclectronic techniques such as photoconductive
sampling or electro-optic sampling is currently inves-
tigated by several groups [1,2]. For photoconductive (i) Device preparation
sampling, pulse generation and/or waveform sam- The same lithographic mask was used for both H+
pling are done by illuminating a photoconductive and 0 + switches. The starting material is 2" di-
gap with short laser pulses. In order to integrate ameter LEC semi-insulating GaAs wafers. For both
monolithically the photoconductive gaps and the de- cases, the metal contacts are formed by the same
vice under test, the gaps have to be fabricated with process. The metal/GaAs contacts are vacuum de-
a technology compatible with GaAs MMIC's fabri- posited Cr/Au patterned by lift-off. Electric plating
cation technology. In this work, we characterized was also used to improve the conductivity of mi-
and compared two such MMIC -compatible photo- crostrip line.
conductive gaps. The S21 parameter of a 3 stage 12 The H+ implantation was performed at three
GIlz MMIC amplifier is also measured. energies, 30 keV with a dose of2x 1014 Cm- 2, 75 keV

For the photoconductive sampling technique, with a dose of 5 x 1014 cm- 2, and 120 keV with a dose
ultrafast carrier lifetime in the gap is required. A of 101scm - 2. This was done after the metal contacts
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were formed thus the contact metal prevented any Due to dark current and difference of sensitivity
damage to the GaAs at the metal/GaAs interface inherent to the switches, calibration of the acquired
and beneath it. No annealing was done. data is necessary. The effect of dark current can

The 0+ implantation was performed at two en- easily be removed by choosing a new zero level at

ergies, 140 keV with a dose of 5 x 10' t cm - 2 and the beginning of the sampled signal. The switch
360 keV with a dose of 1.3 x 10' 2 cm- 2 , which are sensitivity is measured by placing a 1.4 KHz signal
the same as for the TRW oxygen isolation process. with 100 mV peak voltage on the niicrostrip line,
It was then annealed at 410*C for 10 minutes af- illuminating the switch, and measuring the response
ter implantation to reduce defects. All these were at the side line using the lock-in amplifier. Since the
done before formation of the metal contact to allow photovoltaic signal of the switch will not show up
on wafer optical probing to be included in the TRW in the AC measurement, using an AC signal source
MMIC fabrication process. is preferred to using a DC source and chopping the

(ii) Optical measurement light beam. The absence of the photovoltaic signal

The laser system is a Coherent CW Mode-locked allows a more accurate measurement. The cross-
Nd:YLF laser which generates 50 ps pulses at correlated data at the input and output ports is then

1.054 pm with a 76 MHz repetition rate. The output calibrated by scaling the signals proportionately to
is compressed to 3 - 5 ps by a fiber pulse compressor the sensitivity of the respective switches.

then frequency doubled to .527 pm by a KTP crys- The electrical waveforms generated by the

tal. About 4% of the energy of the green pulses is switches were measured by photoconductive sam-
split to a slow Si detector for normalizing slow vari-
ations in laser intensity. The data is then collected 1.2.. .
using the standard pump - probe PC sampling tech- 1.

nique. The schematic diagram is shown in Fig. 1. .8 GaAs Swtc

We deliberately extend the output time win-

dow to 2 ns to achieve the high dynamic range. ."t..mp"ag Se

Since this time window is longer than the time de-A

lay available from our delay line, several sets of data .2

were recorded by varying the fixed delay line. Each 0
data set is then compared and calibrated with that
recorded at the end of the previous data set. To in- 0 20 40 60 80 100 120

sure the reliability of connecting data points, each delay time(pa)

data set has 2 of its points overlap with the previ- Figure 2. Cross-correlated signal for 0+ implanted
ous measurement. The data is shifted, scaled, and switch (measurcd by photoconduct're sampling). The
interpolated to produce a very high degree of coin- inset shows the device gcomctry. I and b indicate the
cidence in the overlapping regions. Finally, a 2 ns location where the lock-in amplifier and bias voltage
time window is achieved, were connected.

I AutocorrelatorD

Fnber Pulse - 11 .05 Pm[ Frequency 527 ji, m

Nd: YLF Laser I  Sampling. - _

Figure 1. Schematic diagram of PC sampling set-up
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piing on devices comprised of four gaps (see inset 60. +mplanted

Fig. 2). This technique yields the cross-correlation 50 GaAs switch

of the pulse propagating on the central line and the -40 G/

sampling gap temporal response. 50
30 * 43 mw

R esults 
:g620 a - 1s6 w

10 E
The full width at half maximum of the cross- o -
correlated response of the 0+ switch as shown in 0 10 20 30

Fig. 2 is 19 ps, corresponding to a 14 ps electrical (a) Bias (v)
pulse width. It is about three times less than that of 40- H +,,ad
the H + switch. The implantation with Oxygen ions . H implanted
creates deep level defects which serve as more effi- 3 GiAS switch
cient recombination centers than the defects created w : 49 mw
by proton implantation. * 320 32mw

An interesting feature is the negative peak close : 1 0 -a -0m-

10.
to the main pulse for the 0+ switch. This negative
signal is neither a reflection from the two ends of the _ _._,

microstrip line nor from the backplane. It is a reflec- 0 10 20 30
tion from the interconnection of the high impedance (b) Bias (v)
(- 100 Q) side line to the SMA connector. When Figure 3. Signal peak vs. Bias (measured by sam-
the reflected pulse returns to the gap, the photoin- pling scope and curve-fitted by least-square method)
duced conductivity is already off but the negative (a) 0 + implanted switch, (b) H+ implanted switch.
pulse can pass through the gap via gp capacitance. 4
For the H+ switch, the carrier lifetime is larger than 10 0
the reflection round trip time, so that the main peak 10 0 GaAs switch-
and the negative reflection result in a sharpening of 0 Ganwh

trailing edge of the main pulse. There is also a slight o: 102.
sharpening effect on the 0+ switch. The assumption _ 1 slope= I IV
that the reflection is due to the high impedance side >
line is verified by putting a small Indium foil on the M
side line to lower its characteristic impedance to less
than 50 Q. As expected, the negative peak becomes
positive. The reflected pulse could be suppressed 10I1 10 10 10

with impedance matched side line. On the other Bias (v)
hand, a mismatched side line can be used as pulse Figure 4. Sampled signal vs. Bias voltage for the
forming network to enhance the spectral density of 0 + switch. The data points are curve fitted with a
the generated waveform at some specific frequency slope one straight line at low bias voltage.
needed for a device characterization.

Fig. 3 shows that there is a nonlinear depen- times the bandgap energy) due to their acceleration
dence between signal peak and bias voltage in the by the applied field, there is chance that impact ion-
0+ implanted switch for high bias fields. This effect ization will happen [7]. For the H + switch, a higher
is not present in the H+ implanted switch which density of defect clusters are spread in the gap; they
has severe non-symmetric behavior for positive or reduce the mean free path of the electrons and holes
negative bias. The nonlinear behavior in the 0+ which can not accumulate enough kinetic energy for
switch can thus not be attributed to Schottky diode impact ionization.
effect. We believe that it is due to impact ioniza- Fig. 4 shows that the non-linear response of
tion in the 0+ switch. The photon energy we are the 0+ switch only appears after a bias voltage of
using is about 2 eV, which is above the band gap 2 Volt: below this threshold of 2 Volts the slope is
energy, so the generated electrons and holes have ini- 1 on this log-log plot. This supports the argument
tial kinetic energy. Once the carriers kinetic energy that the non-linear response at higher voltage is due
has increased to some threshold (approximately 1.5 to impact ionization since this phenomena requires a
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threshold kinetic energy for carriers. The deviation 10 1 1twork ' -3_ ... I I-

from slope 1 at very low bias is due to the photo- -" alyzer

voltaic effect and the noise in the measurement. 0 PC siinpll
The results shown is Figs. 3 and 4 indicate that _ -10

the 0+ switch would perform well both as a gener-
ating gap and as a sampling gap in a device char- 20

acterization. When the bias is increased to over 25 p ...
-30 V~V, the 0 + switch displays a higher sensitivity and - d , f

a shorter pulse width compared to the H+ switch. -40 I PCI I. ..

This shows the superiority of the 0 + switch over 510 15

the H+ switch in terms of the bandwidth - sensitiv- (a) frequency (GHz)
ity product. The 0+ switch is capable of generating -

higher and shorter pulses than the H+ switch. If - ' 1 .'. I. . .
the 0+ switch is used as a waveform sampling gap -o0

in a device characterization experiment, the sampled -.

signal needs to depend linearly on the voltage ampli-
tude on the line. This condition is fulfilled since the
response of the switch is linear at low bias voltages .4
(less than 2V) typical of real MMIC measurements. -0o

It is also observed that with very high intensity
pJ pulse energy on 10 pm gap with 10 ps pulse -101

width), about three orders of magnitude higher than b f 0 is

normally used, the electrical pulse width is broad- (b) frequency (GHz)
ened by a factor of two. This effect is due to satu- Figure 6. (a) The magnitude of S21, (b) The phase
ration of the defects or traps in the gap. Detailed of S21.
relaxation processes are still to be elucidated.

We also observe slight pulse width narrowing This might be due to sweep out effect. With lower
when the laser power is reduced at the 30 V bias. laser power, iess electrons and holes will be gener-

ated, the field ia the gap does not coilapse as much
and it can ,:weep out the charge carriers.
The measured waveforms for the 0 + switch at input
and output ports of the MMIC are shown in Fig. 5.

.004 The S21 parameter shown in Fig. 6 is obtained from
the ratio of the Fourier transform of output wave-

.0oa form to that of input waveform. The optical IS21I
shows very good agreement with the result obtained

0 o- by a network analyzer. Fig. 6 (b) compares the opti-
cal and microwave measured phase of S21 . The slight

50 100 150 200 20 300 difference in the slope of the two curves is due to the
(a) time (p.) difference reference planes of the two measurements.

One important issue which has been overlooked
00 I .is the limitation of the dynamic range of optoelec-

- Vtronic sampling technique. We use a simple model
.02 to explain the dynamic range limitation.

0 Two distinct features of the PC sampling mea-
surements are evident as shown in Fig. 7. First,

-00- 0the separation of the peaks of the ripples is approxi-

mately equal to the inverse of the length of the time
win(low (T). Second, the matching dynamic range

S0 1000 15o 2000 increases as the time window increases.
(b) Ume (p,) These observations can be explained by the fol-

lowing simple model. Let's consider a sine wave with
Figure 5. The cross-correlated waveform at (a) In- period to measured by PC sampling with a time win-
put, (b) Output. dow of T. The measured waveform and the magni-
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.... Conclusion
1 - .ork

analyzer "In conclusion, although photoconductive switches

....... T ,s 1 15 " are widely used in optical sampling techniques, the
0 123 n, ] detailed carrier dynamics inside the gap is still wor-

thy of further investigation, particularly for GaAs
A switches compatible with MMIC fabrication pro-

cesses. We report impact ionization in the 0+ im-
-20 "planted GaAs photoconductive switch, and the sub-

sequent increase in sensitivity of that switch. Addi-
-0 ,.tionally, the design of side line can be used as a pulse

forming network to enhance the spectral density of
-40 1the generated pulse at a certain specific frequency

2 4 a a 0 to ,2 .6 is in the millimeter wave range. Both switches inves-
frequency 00 tigated can be integrated monolithically with GaAs

Figure 7. Effect of lime windowing. MMIC's allowing for on-wafer measurements. The
speed of the 0+ switch is sufficient for S-parameter
measurements up to 40 GHz. In this work, a 40 db

freq. = 12 GHz" matching dynamic range compare to network ana-
lyzer has tlso been achieved. The limitation of dy-
namic range is due to time windowing rather than

E laser noise.
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Femtosecond Refractive and Asborptive Nonlinearities Due to
Real Carriers in GaAs

T. Gong and P. M. lauchet

Laboratory for Laser Energetics, University of Rochester, 250 East River Road,
Rocheszer, New York 14623-1299

The optical properties of GaAs continue to attract nonlinearities on a femtosecond time scale and will
interest because of the development of electro-optical discuss their potential for the design of ultrafast devices.
and all-optical devices made of III-V semiconductors. Our experiments are performed at room temperature
The study of ultrafast changes in optical constants (both using a copper vapor laser amplified colliding pulse
absorption coefficient and refractive index) is especially mode-locked dye laser, and a pump-probe configuration
important for developing high-speed and high-bit-rate described in earlier publications 15,7]. Carriers with
devices. The recent advent of femtosecond lasers has densities (N) from 1017 to 1019 cm-3 are injected by a
made it possible to observe the changes of optical pump pulse (80-100 fs) at 620 nm (2 eV). The probe
constants in GaAs on a femtosecond time scale by wavelength is tuned between 550 nm and 950 nm. The
injection of either real (1-51 or virtual [61 carriers, time-resolved transmission (T) and reflection (R) are
These measurements provide a unique tool to study hot- measured simultaneously on intrinsic 0.3-gm-thick
carrier relaxation processes and various hot-carrier many- GaAs films grown by molecular beam epitaxy and
body effects. However, most effort has concentrated on mounted on sapphire windows [5,7]. The changes of
the study of carrier-induced changes of absorption absorption coefficient (Aa) and refractive index (An) are
(absorptive nonlinearity). The transient changes of then calculated from the measured T and R. The time-
refractive index (refractive or dispersive nonlinearity) resolved differential reflection (AR/R) is also measured
could only be deduced from a Kramers-Kronig on finely-polished intrinsic, n-type and p-type bulk
transformation of the induced changes of absorption samples. The change of ref-active index is then given
over the entire spectrum, which is a complicated by:
procedure especially in the presence of strong 2
nonlinearities on a femtosecond time scale. Since n o" AR
ultrafast changes of the refractive index are very useful An
for the design of devices using refractive nonlinearities, where no is the unperturbed refractive index.
which have the advantage of low loss and minimal
thermal effects, direct and accurate measurements of Figure l(a)-(c) displays the measured spectrum of
these changes are necessary. An at different time delays over a wide wavelength

In this paper we present results of direct region, from below the band gap to above 2 eV'for
femtosecond spectroscopic measurements of the changes N- 2-3 x 1018 cm -3 . The curve in Fig. 1(c) results
of absorption coefficient (Aa) and especially refractive from a simple calculation under equilibrium conditions
index (An) due to injection of carriers in GaAs. Our [81. Strong nonlinearities, which cannot be described by
results reveal the dynamics of hot-carrier many-body this simple theory, appear around the initial excited
interactions and bring new knowledge on the physics of states and the band edge. Let us first focus on the
hot-carrier relaxation. In particular, we observe large spectral region around the initial excited states.
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Figure 2. Time-resolved differential reflection (AR/R)
-60 I I I I i measured on an intrinsic bulk GaAs sample using probe

600 700 800 900 wavelengths from 600 to 700 nm for a carrier density
2-3 x 1018 cm -3 injected at 620 nm. The traces are

Wavelength (nm) displayed with arbitrary normalization for comparison.

Figure 1. Measured An spectrum at different time
delays: (a) t - 0+; (b) t - 200+ fs; (c) t - 3 ps for a observed at 650 nm. The presence of a short-lived
carrier density 2-3 x 1018 cm- 3 injected at 620 nm. spectral resonance around the initial excited states is
n are the average values for both intrinsic thin films clearly demonstrated in Fig. l(a) and Fig. 2. We call
and bulk samples, * are the average values for thin this resonance the refractive-index spectral hole burning,
films. The error bars are obtained from the standard because it is related to the absorption spectral hole
deviation of the measured values and a conservative burning observed by others [1,3]. When a transient
estimate of the uncertainty in carrier density. The full nonthermal carrier distribution is generated by the pump
line in (c) is obtained from a calculation of Ref. 8 at pulse, a local decrease of absorption (hole) around the
N = 3 x 1018 cm- 3 . initial excited states appears. The existence of a spectral

hole in the imaginary part of the refractive index
Figure 2 shows the time-resolved differential (absorption) causes a resonance in the real part of the

reflection measured on an intrinsic bulk sample at probe refractive index. If we fit the resonance by ' Lorentzian
wavelengths from 600 nm to 700 nm. The data at line shape, the FWHM is -150-200 meV and the peak
600 nm and 620 nm exhibit a short-lived positive spike is near 650 nm, not at 620 nm, a result confirmed by
right after carrier injection, whereas the data at 680 nm our induced absorption measurements. Such a relatively
and 700 nm exhibit a negative spike. No spike is large spectral width, which is commensurate with the
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result of another absorption spectral hole burning compare the results with those for the intrinsic sample.
measurement [3], is a strong evidence that carrier-carrier The spectral resonance is similar for the p-type, n-type
scattering has redistributed electrons through the and intrinsic samples, provided that the injected carrier
r valley within the pulse width at this carrier density. density is greater than the doping level. At lower carrier
The origin of the instantaneous red shift of the induced densities, the reso.ance persists in the p-type sample
absorption saturation (spectral hole) peak is still under but is strongly reduced in the n-type sample. Figure 3
discussion. Possible contributions come from band-gap shows the measured time-resolved changes of the
renormalization [91 and ultrafast redistribution of refractive index (An) at 620 nm for different samples
injected holes [10]. with an injected carrier density N - 3 x 1017 cm-3 . The

After -200 fs (without deconvolution), the initial scattering time (with deconvolution) is nearly
resonance disappears because electrons leave the initial identical in intrinsic and p-type samples (-90 ±30 fs),
occupied states by carrier-carrier scattering, carrier- but is about a factor 4 shorter (-25 ±10 fs) for the
phonon scattering and intervalley scattering. The similar n-type sample. This extraordinarily fast initial scattering
gradual rise of An on a picosecond time scale in the time in the presence of cold but nondegenerate electrons
580-700 nm spectral region is attributed to bandfilling, is attributed to relaxation through the emission of
which is controlled in part by the slow return of carriers phonon-plasmon coupled modes [11,12]. ihe estimated
from the satellite valleys. The lack of spectral scattering time is commensurate with the result of

dependence in this region is expected from the simple Petersen et al. [12], which was deduced at low
theory derived for a cold plasma [8]. However the temperature and with carriers injected 280 meV above
experimental values appear to be larger than those the band edge. A qualitatively similar difference between

obtained tom this theory, as shown in Fig. 1(c), the scattering times of intrinsic and p-type samples on
because mne spin-off transitions which monitor the the one hand, and of n-type samples on the other hand,
carrier population changes closer to the band edge are was also observed in GaAs quantum wells [91 in the
not included in this calculation and furthermore, presence of a degenerate plasma. The surprisingly longer
thermaliz:,tion is not completed in -3 ps. scattering time for the n-type sample at N > Nde

We A.so investigate the refractive index spectral possibly results from the much higher plasma

hole buning on p-type (Ndh - 1.7 x 1018 cm- 3 ) and temperature.

n-type ,";de - 1.3 x 1018 cm- 3 ) GaAs samples and Figure 4 shows the measured time-resolved changes
of absorption coefficient (Act) at 580 nm for various
carrier densities. At this wavelength (and also at

700 nm), the initial transient bleaching is not present
" in A(x, tecause nonthermal carriers are only distributed

C "'.h"". . , , ,

-- Induced

€= absorption

- 0Cs."

C (a)

1000 fs- ----

117Delay (fs) -20ps.
Figure 3. Time-resolved An measured on the intrinsic Delay
(-), n-type (--) and p-type ( .... ) samples at probe
wavelength 620 nm and for a carrier density 3 x Figure 4. Measured time-resolved Act at 580 nm for
1017 cm 3 . All three curves are normalized such that various carrier densities N-: (a) I x 1019 cm-3 ; (b) 4 x
the rise on a picosecond time scale is identical. 1018 cm- 3 ; (c) I x 1018 cm -3 .
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around the pump-pulse excited states at f - 0. However, (a)
this absorption spectral hole (FWfIM - 150-200 meV) 0.9-
brings a transient positive spike in the refractive index
at 580 nm that probes the states - 140 meV above 2 eV
in the F valley, and a transient negative spike at -. 0.0 (4)
700 nm that probe the states - 230 meV below 2 eV in (3

the r valley, according to the Kramers-Kronig relation. ETherefore the refractive nonlinearity appears more (2C)""

dispersed than the absorptive nonlinearity. The induced 0
absorption on a picosecond time scale is caused by
band-gap renormalization due to the relatively cold
carriers, which are gathered near the band edge.

Let us now discuss the nonlinearities around the
band edge. Figure 5(a) and (b) show the time-resolved -3.3
changes of the absorption coefficient (Act) and refractive -1 0 5
index (An) for N - 2 x 1018 cm-3 at probe wavelengths Delay (ps)
of 880, 890, and 900 nm, which are below the initial (b)
band-edge, and of 860 nm, which is slightly above the (
initial band edge. From 880 to 900 nm there is an 0.0
initial increase in absorption followed by a decrease in
absorption, whereas a monotonic decrease in absorption (1)
is observed at 860 nm. On the other hand, An shows a
sharp initial decrease, followed by a much slower %C4 (2)

variation, at all wavelengths. 6

When electrons and holes are injected in the
conduction and valence bands, they form a quantum
mechanical many-body system which can be described (4)
adequately only by comprehensive theories. The
microscopic origin of the room-temperature near band-
edge optical nonlinearities in GaAs has been studied -3.4 - 1 _ _(3)
under quasi-equilibrium condition and explained in terms -1 0 5
of various many-body effects such as band-gap
renormalization, plasma screening of electron-hole 91Delay (ps)
interactions and band filling [131. Figure 6 shows the
calculated absorption spectrum (from Ref. 13) around Figure 5. Measured time-resolved Act (a) and An (b) for
the band edge under different assumptions. Comparison a carrier density -2 x 1018 cm 3 injected at 620 nm.
of those curves with our data shown in Fig. 5 s t The probe wavelengths are: (1) 860 nm, (2) 880 nm,

the following conclusions: The induced absorption (3) 890 nm, (4) 900 nm.

observed right after carrier excitation at wavelengths
below the original band edge is caused by band-gap [8,13]. Even though the theory derived for a cold plasma
renormalization and plasma screening of electron-hole shows a good qualitative agreement with cur
interactions due to the hot carriers injected in 2 eV. At femtosecond measurements, it does not provide a
860 nm, the large negative Act produced by plasma quantitative fit to our results obtained at t - 0+ or t -
screening offsets the small positive Act due to band-gap 3+ ps. as shown in Fig. 7. The discrepancy can be
renormalization. The subsequent decrease of absorption traced to the difference between many-body effects due to
is attributed to band filling. On the other hand, the fast hot and cold carriers.
negative changes of refractive index are caused by Our measurement of femtosecond optical
plasma screening of Sommerfeld continuum states, also nonlinearities around the band edge at different injected
predicted by the theory of Ref. 13. The subsequent carrier densities [5,141 also bring new knowledge on
slower decrease is mainly attributed to band filling hot-carrier relaxation processes. In particular, we find
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that gain occurs in less than 1 ps in a range of
1.5 -- wavelengths around the band-edge provided that the

12injected carrier density is larger than -3 x 1018 cm-3 ,
1.2 (1) and that the time to reach gain is reduced to -300 fs for

E 0.9- (2) our highest carrier density (N < 1019 cm- 3 ). This
U observation is a strong evidence for ultrafast band-gap

% 0.6- renormalization and also reveals the importance of
(3) carrier-carrier scattering and intervalley scattering 114].

, 0.3- Hot-carrier many-body effects in quantum wells

0.0 have been extensively studied [15-171. Both
0. -experimental measurements [15,16] and theoretical

1.378 1.420 1.462 1.504 calculations [171 have shown that the effect of plasma
screening of excitons is relatively weak in the two-

E (eV) dimensional electron-hole system. The term "screening"
900 890 a0 860 nm has been generally used to describe the effect of free

carriers on the excitonic absorption spectrum, but here
cofient 6. ) Thotclccua the abso-edgef r po n .13 we only use it to refer to classical screening due to the
coefficient (c ) around the band-edge from Ref. 13: long-range Coulomb interaction [17]. In that case,
(I) N= 1015 cm-3 ; (2) N = 1.5 x 1018 cm-3 , with exciton bleaching is more strongly governed by K-space
band-gap renormalization and plasma screening, but filling and short-range exchange effects, resulting from
without band filling; (3) N = 1.5 x 1018 cm -3 , with Pauli exclusion principle. Since hot carriers occupy few
band-gap renornalization. plasma screening, and band Bloch states with which excitons (or continuum states
filling, for intrinsic GaAs at room temperature) are formed,

those K-space effects due to hot carriers should be

2 negligible. Our measurement shows that strong hot-
plasma screening of electron-hole interactions in bulk
GaAs is really instantaneous within our time-

0 resolution, a result consistent with an earlier

measurement by Shank et at. [18] at low temperature
" -2 and with 0.5 ps time resolution.
Eo TIt is interesting to note that large changes (>10-2)

-4I of the refractive index are observed around the band edge
on a subpicosecond time scale. These changes, which

,.-6 are comparable to those obtained from cw measurements
[8,131, are suostantially larger than the changes

-8 produced by the Pockels or Franz-Keldysh effects at a
field strength of 105 V/cm [19]. An all-optical logic

-10 gate with 1 ps switch-on time [20] at room temperature
was demonstrated in GaAs-AIGaAs quantum wells by

900 890 880 870 860 850 using real carrier-induced nonlinearities. Since the
x (nrn) change of refractive index per electron-hole pair is only

Zion about a factor 2-3 larger in quantum wells (mainly due

Figure 7. Changes of the absorption coefficient (Act) to exciton bleaching by K-space filling) than in bulk
around the band-edge. 0 and 0 are the experimental data GaAs (mainly due to plasma screening and band filling)
obtained at t - 0+ and t - 3+ ps for N - 2 x 1018 cm- 3. [21], similar performance of optical bistable devices
The full curve is the theoretical calculation of Ref. 13 using bulk GaAs is expected [201. Even though devices
for N = 1.5 x 1018 cm- 3 , (a) with band-gap using real-carrier-induced nonlinearitieshaveaswitch-on
renormalization and plasma screening, but without band time almost as short as devices using virtual-carrier-
filling; (b) with band-gap renormalization. plasma induced nonlinearities [221, the switch-off time, which

screening and band filling, sets the bit-rate, is much longer in real-carrier-devices



258 Picosecond Eletronics and Optoelectromnics

2 ACKNOWLEDGMENT

The authors thank W. L. Nighan, Jr., D. A. Young, and
P. Mertz for technical support, and M. Shayegan and
G. Wicks for growing the samples. This work is
supported by National Science Foundation under
contract ECS-8657263 and the U. S. Army Research

0 Office under contract DAAL03-87-K-0145. T. Gong

(C) also acknowledges receipt of a fellowship from the
Photonic and Opto-Electronic Materials Advanced
Technology Center at Princeton University.

T. Gong is also affiliated with the Department of
-2 6 Electrical Engineering at Princeton University; P. M.

0 5 Fauchet is also affiliated with the Department of
Delay (ps) Electrical Engineering at the University of Rochester.

Zion.

Figure 8. Measured time-resolved figure of merit (F) at
890 nm at various carrier densities N-: (a) 5 x REFERENCES
1018 cm- 3; (b) 2.5 x 1018 cm- 3 ; (c) 1 x 1018 cm- 3 . 1. J. L. Oudar, D. Hulin, A. Migus, A. Antonetti,

and F. Alexandre, Phys. Rev. Lett. 55, 2074
(1985).

because it usually takes hundreds of picoseconds to 2. A. J. Taylor, D. J. Erskine, and C. L. Tang,

remove the carriers. J. Opt. Soc. Am. B 2, 663 (1985).

A figure of merit which is defined as F = AaAJAn 3. R. W. Schoenlein, W. Z. Lin, E. P. Ippen, and

is a commonly used device parameter. When IFI < 1, the J. G. Fujimoto, Appl. Phys. Lett. 51, 1442

phase of a signal beam is changed more quickly than its (1987).

amplitude, which makes a device based on the refractive 4. P. C. Becker, H. L. Fragnito, C. H. Brito Cruz,

nonlinearity attractive. In Fig. 8 we plot F at 890 nm J. Shah, R. L. Fork, J. E. Cunningham, J. E.

versus time delay at various carrier densities. The fact Henry, and C. V. Shank, Appl. Phys. Lett. 53,

that IFI remains smaller than 1 from hundreds of 2089 (1988).

femtoseconds to several picoseconds over a wide range 5. T. Gong, W. L. Nighan, Jr., and P. M. Fauchet,

of carrier densities implies that the refractive (dispersive) Appl. Phys. Lett. 51, 2713 (1990).

nonlinearity is dominant at this wavelength. In fact, at 6. A. Mysyrowicz, D. Hulin, A. Antonetti,
890 nm, the balance among band-gap renormalization, A. Migus, W. T. Masselink, and H. Morkoc,
plasma screening and band filling makes Act small, but Phys. Rev. Lett. 56, 2748 (1986).
An remains large. This region should be suitable for the 7. T. Gong, W. L. Nighan, Jr., and P. M. Fauchet,
design of devices using the refractive nonlinearity, such SPIE Proceedings I2=, 106 (1990).
as phase modulators. 8. B. R. Bennett, R. A. Soref, and J. A. Del Alamo,

IEEE J. Quantum Electron. QE-26, 113 (1990).
In conclusion, GaAs exhibits ultrafast optical 9. W. H. Knox, D. S. Chemla, G. Livescu, J. E.

nonlinearities when real carriers are injected by Cunningham, and J. E. Henry, Phys. Rev. Lett.
ultrashort laser pulses. Hot-carrier many-body effects 61, 1290 (1988).
such as band-gap renormalization and plasma screening 10. C. J. Stanton, D. W. Bailey, and K. Hess, Phys.
of electron-hole interactions have similarities and Rev. Lett. 5, 231 (1990).
differences with those for a cold plasma. The first 11. J. A. Kash, Phys. Rev. B 4D, 3455 (1989).
observation of the refractive index spectral hole burning 12. C. L. Petersen and S. A. Lyon, Phys. Rev. Lett.
and further study of such hole burning in different types f5, 760 (1990).
of samples reveal important carrier scattering physics in 13. Y. H. Lee, A. Chavez-Prison, S. W. Koch, H. M.
the absence and presence of a cold plasma. The large and Gibbs, S. H. Park, J. Morhange, A. Jeffery,
ultrafast refractive nonlinearities observed around the N. Peyghambarian, L. Banyai, A. C. Gossard, and
band-edge are suitable for device applications. W. Wiegmann, Phys. Rev. Lett. 51, 2446 (1986).



Picosecond Elecrronics and Optoekecrronk~ 259

14. P. M. Fauchet, T. Gong, P. J. Kelly, and J. F. 18. C. V. Shank, R. L. Fork, R. F. Leheny, and
Young, submitted to the 7th International J. Shah, Phys. Rev. Lett. 42, 112 (1979).
Conference on Hot Carriers in %Semiconductors, 19. B. R. Bennett and R. A. Soref, IEEE J. Quantum
Japan, 199 1. Electron. OEi23, 2159 (1987).

15. W. H. Knox, R. L. Fork, M. C. Downer, D. A. 20. A. Migus, A. Antonetti, D. Hulin, A.
B. Miller, D. S. Chemla, and C. V. Shank, Phys. Mysyrowicz, H. M. Gibbs, N. Peyghambarian,
Rev. Lett. R, 1306 (1985). and J. L. Jewell, Appi. Phys. Lett. Afi, 70 (1985).

16. W. H. Knox, C. Hirlimann, D. A. B. Miller, 21. S. W. Koch, N. Peyghambarian, and H. M.
J. Shah, D. S. Chemla, and C. V. Shank, Phys. Gibbs, J. Appl. Phys. fi, RI (1988).
Rev. Lett. 5A, 1191 (1986). 22. D. Hulin, A. Mysyrowicz, A. Antonetti,

17. S. Schmitt-Rink, D. S. Chemla and D. A. B. A. Migus, W. T. Masselink, H. Morkoc, H. M.
Miller, Phys. Rev. B U,. 6601 (1985). Gibbs, and N. Peyghambarian, AppI. Phys. Lett.

42, 749 (1986).



Digest Summaries



PICOSECOND SUPERCONDUCTIVE ELECTRONICS
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INTRODUCTION

Materials developments during the past several years will facilitate the realization
of promises of picosecond electronics with superconductive devices. An increasing
number of groups around the world have developed the capability of making all-
refractory integrated circuits based on the Nb-NbOxNb Josephson tunnel junction,
which has the I-V characteristic shown in Fig. la. These devices have excellent
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Fig. 1 (a) I-V characteristic for a tunnel junction suitable for voltage-state Josephson
logic. (b) I-V characteristic obtained for proximity type junctions with conducting bar-
iers. These are suitable for current-state logic.

and controllable electrical characteristics and are stable both in terms of shelf life and
in thermal cycling. Circuits with tens of thousands of logic gates have been made and
have shown remarkable electrical performance. It should be borne in mind that in
complex electronic circuits with gates that switch with speeds of several picoseconds,
the terminal data rates are on the nanosecond scale except in special pipelined situa-
tions, such as a shift register. It should also be kept in mind that parasitics limit
switch speeds. While the niobium Josephson junctions has a theoretical limiting
switching speed of 0.22 ps, the junction capacitance limits the speeds realized to date
to slightly more than 1 ps.
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Thin films of high temperature oxide superconductors such as YBaCuO have been

developed very well during the past three years. It is now almost routine to make very

high quality films either by off-axis sputtering or by laser ablation. There have also

been a number of realizations of Josephson devices. These are not tunnel junctions, as

in the case of the niobium technology, but are so-called proximity effect devices,

which have a normal conducting barrier separating the superconductive electrodes.

They have an I-V characteristic as shown in Fig. lb rather than the tunnel junction

characteristic of Fig. la.

In this paper we will present the current materials situation and show some of the

circuits that can be realized with Josephson switching devices having one of the I-V

characteristics in Fig. 1. These include such signal processing devices as A/D con-

verters and shift registers and a variety of logic and memory circuits. The circuits

employ either voltage-states or current-states. Either type can be made with the tunnel

junction but only current-state circuits can be made with junctions having the nonhys-

teretic I-V characteristics of Fig. lb.

MATERIALS

Early work on Josephson integrated circuits (notably, in the IBM mainframe com-

puter project) was done using soft metallic superconductors in which alloying was used

to make the materials more suitable. The achievable control of device characteristics

and stability was not sufficient for large scale integration. Many years had been spent

unsuccessfully trying to make satisfactory niobium junctions with nadve oxide tunnel-

ing barriers. The development of the ambient-oxidized-aluminum barrier in the early

1980s led to the ability to make excellent junctions with small spreads of critical

currents (maximum zero-voltage currents). This device is the basis for all existing

integrated circuit work, except for those using NbN.

There is good reason to want NbN with its 15-16 K transition temperatures for

use in infrared detectors for which the cryogenics is already available. The low power

dissipation of the Josephson circuits is a desirable feature of signal processing circuits

to be combined with the infrared detectors, especially in arrays. The best NbN tunnel

junctions use a barrier of MgO, which must be deposited rather than ambient-oxidized

as in the case of aluminum used in the niobium junctions. Since it must be deposited

as an oxide, thickness (and hence, critical current) uniformity cannot be achieved as

well as in the Nb-NbOxNb technology.

The most highly developed of the oxide superconductors is YBaCuO. This

material is highly anisotropic with poor conduction along its c axis and excellent con-

ducting properties along its a-b planes. Films that are c-axis oriented would serve well

for interconnects for digital devices. Current work is toward developing the technol-

ogy to make controllable Josephson devices. The current state of this development
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will be discussed. Circuits made with this material would be best operated at no more

than about 60 K.

One oxide material (BaKBiO) recently was shown to be usable for making

Josephson junctions. It also has tnie advantage of being isotropic. Its transition tem-
perature is only about 30 K, at best, but this would allow operation at 15-20 K. That
greatly relaxes the refrigeration requirement compared with the 4.2 K used for Nb cir-
cuits and at the same time allows use of the voltage-state circuit concepts developed
for the low-temperature circuits.

CIRCUITS

We will briefly review the state of circuit development, picking out some of the
fastest circuits that have either been actually realized or proposed and simulated.
These will include the microprocessor circuits developed in the Fujitsu Laboratories, a

memory unit developed in the Electrotechnica! Laboratory in Japan, some recent

flash-type multi-gigahertz A/D concepts, shift register designs that promise clocking at
over 50 GHz, and families of digital logic based on current-state circuits that promise
speeds higher than can be achieved with voltage-state logic. Some of the devices
mentioned can be made with the devices available in high-temperature superconduc-

tors.

For more details, the reader is referred to References 1 and 2.

1. T. Van Duzer, "Superconductor Electronic Device Applications," IEEE J. Quan-

tum Electronics, vol. 25, pp. 2365-2377, November 1989.

2. T. Van Duzer, "Superconductor Electronics," to appear in Cryogenics.
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The potential total transmission bandwidth of current single-mode optical fibers in the

low-loss wavelength regions near 1.3 pm and 1.55 pm approaches 50 THz. In order to explore

t'lis enormous capacity for the transmission and distribution of future broadband services, the

lightwave research community has been pushing the frontiers of high-speed technology to data

rates well beyond 10 Gb/s. Long-distance transmission of wavelength-multiplexed channels that

run at multi-gigabit-per-second rates have been demonstrated recently using erbium-doped fiber

amplifiers as analog (non-regenerative) repeater amplifiers. As fiber dispersion may become the

limiting factor that sets the bit-rate-distance product of a long regenerative repeater span

containing optical amplifiers, both optical and electronic means for equalizing the effects of fiber

dispersion, as well as soliton techniques, are being investigated for operation at multi-gigabit-

per-second rates. Thus advances in device technologies and in transmission techniques not only

provide enhancements in system performance, but also offer alternatives in system

implementation.
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This talk will first consider transmission limitations imposed by optical fiber dispersion and

nonlincarities, and describe various methods for palliating these effects. Next, multiplexing

techniques that enhance transmission capacity will be compared and properties of erbium-doped

fiber amplifiers that are relevant to high-capacity transmission will be reviewed. Then, soliton

transmission systems that show potential for ultra-long-distance (multi-megameters) applications

will be discussed. Finally, technology choices for long-haul applications will be summarized.
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Introduction
The use of bandgap engineering techniques to tailor the perpendicular transport characteristics of
layered semiconductor structures has resulted in a variety of new phenomena and devices concepts
S1]. In particular the coherent interaction of electron waves reflected at interfaces gives rise to

resonant tunneling effects which filter electrons of certain energy through the structure. A structure
specifically designed for electron energy filtering is the variably spaced superlattice energy filter
(VSSEF) in which the quantized states in adjacent quantum wells become aligned under
appropriate bias conditions [2].
Device structure

The photoconductive device discussed here is based on intersubband absorption in a
GaAs/AlxGalixAs multiple quantum well (MQW) structure. The epitaxial structure is shown in

Conduction buannd WdI, 10A ~ 0pros- VSSEF - irethcns:
band I FV 28 A Bv

E~g

Substrate Figure 2.

Valence band ,

0. am Schematic diagram of the conduction band potential profile with Zn applied external

0.8 m thia, voltage. The location of the energy levels in the quantum wells and the

Figure I. Band diagram showing the epitaxial structure of the detector. alignment of the energy levels in the VSSEF are illustrated

Figure 1. The device consists of a total of 30 quantum wells, 78 A wide, separated by a 190
wide VSSEF-structure. From the schematic of the conduction band shown in Figure 2 the principle
of operation can easily be understood. Electrons are excited from the ground state energy level EI
to the second level E 2 by infra-red (IR) radiation. When an appropriate bias voltage is applied to
the structure the energy levels in the VSSEF are aligned with the energy level E2, and the electrons
can tunnel out through the structure. The measured photocurrent will hence employ a resonance
peak at an appropriate applied electric field (= 50 kV/cm).
The MQW-structure used in the experiments was grown by molecular beam epitaxy (MBE) on n-
doped GaAs (100). The growth rate of the quantum wells were calibrated by reflection high energy
electron diffraction (RHEED) oscillations and the four quantum wells in each VSSEF were 17, 14.
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Figure 3. Figure 4.
Experimental setup and illumination principle. Detector responsivity as a function of detector

voltage, measured at temperatures of 15 K and
50 K.

11, and 9 A wide, respectively. The AlxGal xAs barriers (x = 0.4) were all 28 A wide. Typical
growth rates were 0.8 g.m/h for GaAs. In the center of each of the 78 A wide quantum wells, a 58

thick part was doped with Si.

For measurement purposes, individual detector elements were formed by etching mesas, 90 tm in
diameter and 2 g~m high. The detector chip was cemented to a copper block and the whole
assembly was mounted in a cryostat for low temperature measurements. Figure 3 shows a single
device and the electrical connections for the experimental set-up. Conventional bonding techniques
were used to connect the device to the bias voltage and the load resistance. This type of
intersubband absorption is only sensitive to light with the electric field polarized parallel to the
growth direction. In order to maximize both the component of the light with the right polarization
incident on the device and the illuminated detector area, the substrate was lapped to an angle of 45,
as indicated in Figure 3.

Experimental results

Measurements were performed on these detector elements, using a C02-laser, with a total output
power of approximately 300 mW. The light intensity was attenuated to give approximately 5 mW
incident on the area of the device. In order to obtain good sensitivity, the load resistance, RL was
set to 1 kW. To avoid excessive dark currents the bias voltage Vb was adjusted to give detector
voltages Vd below 7 V. An optical chopper and lock-in amplifier were used to monitor the changes
in the photo-current by measuring the voltage across the load resistance.

The photocurrent versus bias voltage characteristics recorded at two different temperatures are
shown in Figure 4. For these measurements the C0 2-laser was tuned to a wavelength of 9.53 Itm.
Measurements were also performed for several wavelengths in the interval 9.5 - 10.6 ltm. For
wavelengths longer than 10.0 4am, corresponding to the separation between the energy levels E,
and E2, the photocurrent response drops rapidly. The curves in Figure 4 show a clear peak at a
detector bias voltage Vd of approximately 5.7 V. This peak is believed to be due to.alignment of the
energy levels in the VSSEF. At higher detector voltages the responsivity drops rapidly indicating a
high negative differential resistance. This is a unique feature of the VSSEF device not observed in
commonly used photo-detectors. At temperatures of 50 K or less the resonance peak is easily
observed. For higher temperatures the peak is, however, smeared out.
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Conclusions
We have observed photon-assisted resonant tunneling in a GaAs/AlGaAs VSSEF-structure.
Electrons confined in the quantum wells are excited to the second state by intersubband absorption
of incident IR radiation. At an appropriate applied electric field the electrons can then tunnel
through the VSSEF. This is manifested by the measured peak in the photo-current at a detector
voltage of 5.7 V. To our knowledge this is the first time this effect has been observed and it could
prove useful for IR-detector applications.

Acknowledgments

This work was supported by the National Swedish Board for Technical Development (STU).

References

[1] B. F. Levine et al., "GaAs/AlGaAs quantum well long-wavelength infra-red (LWIR)
detector with a detectivity comparable to HgCdTe", Electron. Lett., vol 24, No 12,
pp 747 - 748, 1988.

[2] C. J. Summers and K. F. Brennan, "Variably spaced superlattice energy filter, a new
device design concept for high-energy electron injection", Appl. Phys. Lett., vol 48,
No 12, pp 806- 808, 1986.



Picosecond Electronics and Optoelectronics/Author Index 271

A D J
Abe, Kathryn, 140 Damen, T. C., 204 Jacobson, Dale C., 161
Allen, S., 104 Delfyett, P. J., 185 Jan, W. Y., 210
Alphonse, G. A., 185 Deveaud, B., 218 Joneckis, L. G., 194
Andersson, Ingemar, 267 Doran, G. E., 40 Jonsson, Bj6rn, 188, 267
Andersson, Thorwald, 267 Dykaar, D. R., 20 Joseph, Thomas R., 248
Andreadakis, N., 185 Joshi, R. P., 59
Aoshima, Shinichiro, 64, 70 E
Auston, D. H., 2 Eccleston, R., 223 K
Axmann, A., 86 El-Ghazaly, S. M., 59 Kamegawa, Masayuki, 104,

Elton, D., 181 140
B Eng, Sverre T., 188 Kamiya, Takeshi, 36, 75
Bar-Joseph, L, 198, 214, 218 Karin, J., 104
Bhushan, Manjul, 31 F Katzenellenbogen, N., 9, 242
Bloom, David M., 101, 136 Fauchet, P. M., 253 Kisker, David W., 161
Bowers, J. E., 92, 104 Federici, J. F., 20 Klingenstein, M., 86
Burdge, G., 194 Ferry, D. K., 126 Knox, W. H., 40

Fischer, Paul B., 97 Knudson, Alvin RK, 119
C Florez, L, 185 Khler, Klaus, 24, 204, 223
Campbell, Arthur B., 119 Fox, A. M., 210 Kopf, R. F., 20
Carman, Eric, 140 Frankel, M. Y., 146 Kriman, A. M., 126
Case, Michael, 104, 140 Franklin, Jeff, 140 Kuhl, J., 86, 223
Chauchard, Eve A., 54, 194,

248 G L
Chemla, D. S., 198, 214 Gedalyahu, Y., 214 Lambsdorff, M., 86
Chen, Y. K., 176 Giboney, Kirk, 92, 104, 140 Larsson, Anders, 267
Chen, Yi, 46 Gigase, Y., 131 Lee, Chi H., 54,151, 194,248
Cho, A. Y., 198, 214 Gmitter, T., 185 Lee, Timothy T., 248
Chomette, A., 218 G6bel, Ernst 0., 204 Leo, Karl, 204
Chou, Stephen Y., 97 Gong, T., 253 Levi, A. F. J., 20
Chu, A. K., 131 Goodnick, S. M., 40 Li, K. D., 101
Chwalek, James M., 15 Goossen, Keith W., 31, 161 Li, Ming G., 54, 151
Cirot, F., 218 Greene, B. I., 20 Li, Tingye, 265
Clifton, B. J., 167 Grischkowsky, D., 9, 242 Liliental-Weber, Z., 244
Comfort, J. H., 110 Grondin, R. 0., 59 Liu, Yue, 97
Connolly, K. M., 59 Gurvitz, S., 218 Livescu, G., 210
Constantine, P. D., 181 Logan, R. A., 176
Cooper, D. J., 181 H Lowery, A. J., 181
Crabb6, E. F., 110 Hafich, M. J., 92 Lyons, W. G., 167
Crawford, D. L., 92 Hamm, J. M., 167
Cunningham, Jack E., 24, 40, Henderson, D., 79

210 Hirano, Isuke, 64
Huang, Sheng-lung L., 151,

248
Hfilsmann, A., 86
Hung, Hing-Loi A., 54, 151



272 Picosecond Electronics and Optoelectronics/Author Index

M S Williamson, Steve, 46, 49
Mankiewich, Paul M., 31, Sankaran, Vasu, 229 Withers, R. S., 167

167 Schifer, Wilfried, 204 Woodall, J. M., 242
Marshall, L W., 181 Schaff, W. J., 244 Woodward, T. K., 198, 214
Mathews, R. H., 167 Schmitt-Rink, Stefan, 204 Wu, M. C., 176
McMorrow, Dale, 119 Schneider, Jo., 86
Melloch, M. R., 242 Sha, W., 244 Y
Meyerson, B. S., 110 Shah, Jagdeep, 24, 204 Yacoby, A., 214
Miller, D. A. B., 210 Short, Ken T., 161 Yu, Ruai, 104, 140
Moglestue, C., 86 Singh, Jasprit, 229
Motet, T., 49 Sivco, D. L, 198, 214 Z
Mourou, Gerard A., 15, 49, Smith, A. J. A., 79 Zhang, X -C., 2

146 Smith, P. M., 146 Zhou, J.-R., 126
Myers, David R., 236 Smith, Thane, 248

Song, X. J., 244
N Stoffel, N., 185
Nees, John, 46, 49 Stork, J. M. C., 110
Newman, N., 167 Strobel, R., 223
Nguyen, Loi D., 116 Sylvestre, P. M., 92
Norris, T. B., 244
Nuss, Martin C., 24, 31, 161 T

Takahashi, Hironoti, 64, 70
o Takahashi, Ryo, 75
O'Malley, Megan L., 31, 167 Tanbun-Ek, T., 176
Otsuka, N., 242 Tell, Ben, 24, 31, 161
Ozbay, Ekmel, 101, 136 Tsuchiya, Yutaka, 64, 70

P V
Patton, G. L, 110 Valdmanis, J. A., 146
Pfeiffer, L. N., 20 Van Duzer, T., 262
Poate, John M., 161 Van Zeghbroeck, B., 131

R W
Ramaswamy, M., 40 Warren, A. C., 242
Regreny, A., 218 Weatherford, Todd R., 119
Riaziat, Majid, 156 Weber, E. R., 244
Robinson, G. Y., 92 Weingarten, Kurt J., 156
Roddie, A. G., 79 Westin, Johan, 267
Rodwell, M. J. W., 92, 104, Wey, J. S., 194

140 Wey, Y. G., 92
Rosenzweig, J., 86 Whitaker, John F., 15, 146
Roskos, Hartmut, 24, 31, 161 White, Alice E., 161


